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Abstract 
 
This dissertation reports the synthesis of derivatives of dithiophosphinic acids 
(R1R2DTPAs), and the formation and characterization of DTPA SAMs on gold to build a 
knowledge base on their nature of binding, organization of the alkyl chains and 
electrochemical barrier properties.  The binding of DTPA molecules on gold depends on 
the morphology of the gold film:  They bind in a mixed monodentate and bidentate 
modes on standard as-deposited (As-Dep) gold, while they fully chelate on smoother 
template-stripped (TS) gold.   
Chapter 2 focuses on van der Waals interactions of various alkyl chain lengths of 
symmetrical R2DTPA SAMs, which increase with increasing chain lengths similar to 
those of the analogous n-alkanethiol SAMs, but with alkyl chains that are generally less 
dense than those of n-alkanethiol SAMs. 
Chapter 3 addresses why the DTPA compounds do not chelate on the standard As-
Dep gold by comparing (C16)2DTPA SAM to (C16)2DDP SAM.  Here, side chain 
crystallinity stabilizes DTPA SAM structure at the expense of chelation of the DTPA 
molecules, which leads to a mixture of bidentate and monodentate DTPA molecules, 
whereas the increased flexibility of the chains in DDP due to the oxygen atoms retains 
chelation of the DDP molecules. 
Chapter 4 focuses on the SAMs formed from RlongRshortDTPAs, which shows that the 
length of the short chain spacer affects SAM packing density and thickness.  The SAMs 
of these molecules also show homogeneous mixing of Rlong and Rshort chains. 
Chapter 5 investigates PhRDTPA SAMs in preparation for molecular junction 
studies.  The chelation of PhRDTPA molecules on TS gold allows the PhRDTPAs to act 
as molecular alligator clips.  The length of the alkyl chains controls the density of the 
phenyl group and they fill in the voids between adsorbates to prevent electrical shorting. 
Finally, Chapter 6 incorporates OH tail group(s) to control the wettability of DTPA 
SAMs.  The presence of OH groups in DTPAs forms hydrophilic SAMs.  The 
symmetrical OH-terminated DTPA forms a SAM with similar packing density to that of 
an analogous CH3-terminated DTPA SAM, while the OH/CH3-terminated DTPA forms a 
 vii 
thin SAM with low molecular packing, however, the chains of this SAM are 
homogeneously mixed. 
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1.1. Self-Assembled Monolayers (SAMs) 
 
Self-assembled monolayers (SAMs) provide opportunities to broaden the 
fundamental understanding of self-assembly and interfacial chemistry.  They offer a 
variety of applications for widespread use both in industrial and academic settings, 
having tremendous impact in various research fields.  This section focuses on adsorbates 
featuring sulfur-containing headgroups responsible for forming SAMs on gold substrates; 
thereafter, some examples of their applications are described. 
 
1.1.1. Definition 
 
A self-assembled monolayer (SAM, Figure 1.01) is a film consisting of a single layer 
of molecules adsorbed onto a substrate.  The molecules arrange into crystalline structures 
in the absence of external assistance.  The headgroup has a highly favourable and specific 
affinity to the substrate, driving the formation of molecular-scale thin films and resulting 
in the lowering of interfacial free energy between the substrate and its environment.  This 
exothermic process is called chemisorption.1 
 
 
Figure 1.01.  Schematic diagram of an ideal n-alkanethiol SAM on gold with the 
anatomy and characteristics, adapted with permission from reference 1. 
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Van der Waals interactions with neighbouring molecules play a crucial role in the 
self-assembly process.  These forces are much weaker than ionic or covalent bonds (<10 
kcal mol-1)2, but they nevertheless promote the packing of the adsorbates.  The length of 
the alkyl chains influences the order of the SAMs.  Longer alkyl chains have more van 
der Waals interactions producing more stable SAMs than those formed from shorter alkyl 
chains. 
The terminal groups of the chains dictate the interfacial properties, such as  
wettability by water, which in turn can affect its adhesion, corrosion and lubrication.3  
For example, methyl-terminated [CH3(CH2)nSH] alkanethiolates form SAMs that are 
hydrophobic due to the exposure of the non-polar methyl groups.  In contrast, SAMs 
generated from polar carboxylic acid-terminated alkanethiolates [COOH(CH2)nSH] are 
hydrophilic.4 
 
1.1.2. Gold–Sulfur Bond 
 
Gold is the standard substrate for the studies of SAMs.  The preparation of thin films 
of gold via physical vapour deposition, sputtering, or electrodeposition is straightforward.  
Gold is an inert metal, as it does not react with molecular oxygen under standard 
atmospheric conditions.  Other metals such as silver and copper readily oxidize under 
similar conditions.5 
The chemisorption of organosulfur compounds to gold is highly favourable (~30 kcal 
mol-1), yielding robust, ordered, reproducible and well-defined SAMs.1  The three types 
of organosulfur adsorbates used in SAM formation are alkanethiols (RSHs), 
dialkyldisulfides (RS–SRs) and dialkylsulfides (RSRs).  RS–SRs were first studied on 
gold in 1983,6 followed by RSHs, both yielding similar SAM structures.7-11  RSHs are 
dominantly used in SAM formation owing to their superior solubilities than RS–SRs and 
their simpler structures rendering them ideal for chemical modifications for other SAM 
studies.12  Nevertheless, RS–SRs are still actively used in mixed SAM studies, where the 
effects of dissimilar chain lengths (R1 ≠ R2) are investigated.13-15  RSRs were also studied 
in SAM formation, but they yield SAMs exhibiting lower molecular density and order 
due to the weaker sulfur-metal interaction through a dative bond.11,16,17  On the other 
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hand, RSRs are not as susceptible to oxidation of the sulfur atoms in comparison to RSHs 
and R1S–SR2s, and they are also convenient compounds for obtaining differing R1 and R2 
chain lengths.1 
 
1.1.3. Alkanethiolate Self-Assembled Monolayers 
 
SAMs are formed by the immersion of a clean gold substrate in a dilute solution of 
the adsorbate (~1 mM).  The kinetics of formation of SAMs on gold shows two distinct 
adsorption processes.  The first process is a fast step, lasting a few minutes, where 
roughly 80–90% of the SAM's final thickness is reached.2,4  This fast regime is the initial 
adsorption of the molecules leading to a disordered monolayer.  In the second step, the 
film reorganizes and forms ordered domains.  These domains grow slowly until the final 
structure of the SAM is reached.18 
Increasing the concentration of the solution and the temperature helps to complete the 
first kinetic adsorption process in a shorter period of time.  For the slower step, typical 
immersion time ranges from 12–18 hours at room temperature (25°C) ensuring complete 
coverage of the surface and ordering of the alkyl groups in the SAMs.1 
The choice of solvent for the SAM formation depends on the solubility of the 
adsorbate.  Ethanol is the solvent of choice for most reported studies.  Other solvents may 
be used if the adsorbate does not completely solubilize in ethanol, but the solvent can 
incorporate into the SAM.  For example, using hexadecane as a solvent for the formation 
of hexadecanethiol (C16SH) SAM causes abnormally low contact angles, but the SAM 
thickness is identical to C16SH SAMs formed with other solvents.  The hexadecyl chains 
intercalate into the SAM and cause the solvent to co-assemble onto the substrate.4 
The chemisorption of RSHs on gold surfaces yield gold(I) thiolates.  The mechanism 
is not completely understood as the thiol either loses a hydrogen atom, which either 
combines with another hydrogen atom to form H2,  
RS–H + Au0n  RS-–Au+ + ½ H2 + Au0n–1  
or the presence of oxygen in solution oxidatively converts the hydrogen atom to water,  
RS–H + Au0n + oxidant  RS-–Au+ + ½ H2O + Au0n–1.2 
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RSHs pack densely on the (111) plane of gold surfaces (denoted as Au(111)). The 
resulting densely-packed, highly-ordered SAM forms a (√3×√3)R30° overlayer structure 
(R = rotation).  The SAM has two inequivalent chains per unit cell in a c(4×2) 
superlattice and the spacing between adjacent sulfur atoms is 4.99 Å with an area per 
molecule of 21.6 Å2.  The spacing is much greater than the van der Waals diameter of a 
sulfur atom (1.85 Å), resulting in minimal sulfur-sulfur interactions.  The spacing is also 
greater than the distance of closest approach of the alkyl chains (4.24 Å).19-22  As a result 
of the large spacing of the adjacent sulfur atoms, the chains in alkanethiol SAMs have a 
tilt angle () relative to the surface normal and have a twist of the plane of the carbon 
backbone () to maximize the surface coverage and to maximize the van der Waals 
interactions between the chains.  These values are reported to be  = 28° and  = 53°.5  
RSH SAMs on gold containing long alkyl chains (>10 carbon atoms) yield densely-
packed and highly-ordered SAMs.  The chains are in their trans-extended conformation, 
maximizing van der Waals interactions.  In contrast, those that have shorter chains (<10 
carbon atoms) yield liquid-like SAMs because of fewer van der Waals interactions with 
alkyl chains exhibiting gauche kinks.4,23 
 
1.1.4. Applications of Densely-Packed, Well-Ordered Alkanethiol 
SAM 
 
1.1.4.1. SAMs as Etch Resists 
 
Patterned metal films have a wide range of applications in microelectronics.24  
Microcontact printing (CP) and dip-pen nanolithography (DPN) can be used in their 
fabrication.  The first step is to form a patterned SAM on gold either in a single step 
(CP)25 or in multiple steps in series (DPN).26  The SAM acts as a resistive layer that 
protects the underlying gold for the next step.  The patterned surface is then submerged in 
a wet etchant solution, which dissolves the gold in the unprotected areas, thus leaving the 
patterned RSH–gold areas intact (Figure 1.02).  Oxidation of the surface removes the 
RSH molecules to yield the patterned gold films.1 
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a) b)
 
Figure 1.02.  Schematic diagram of the formation of patterned SAMs by (a) CP and (b) 
DPN.  Wet etching and plasma cleaning yield the patterned metal. 
 
Alternatively, photolithography and electron-beam lithography (EBL) can be used for 
in-plane patterning of RSH SAMs.  In these methods, the patterned SAMs are first 
formed onto the surface, followed by the selective destruction of unprotected areas 
(Figure 1.03).27-31  Wet etching removes the unprotected gold and oxidation yields the 
patterned surface. 
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Figure 1.03.  Formation of patterned SAMs by (a) photolithography and (b) electron 
beam lithography.  Wet etching and plasma cleaning yield the patterned metal. 
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1.1.4.2. Molecular Electronics 
 
Intense interest has flourished in nanoscience to develop devices that use molecules 
as the active components to replace widely used inorganic semiconductors.  Using 
molecular-sized components may extend Moore’s Law (the number of transistors on 
integrated circuits doubles approximately every two years) by reducing the size of 
common circuit elements such as conductors, rectifiers and logic gates while retaining 
their functionalities.  Such devices rely on chemical functionalities to achieve the desired 
electronic properties.  Molecular junctions provide means to measure the relationship 
between the molecular structure and the electron transport mechanisms.  The simplest 
molecular device structures are those composed of a single molecule inserted between 
electrodes; however, serious challenges arise with such systems due to their variability.  
Moreover, the uncertainties in the configuration and purity of the molecules raise doubts 
on the reproducibility in device performances and thus the mechanism of electron 
transport remains unanswered.32,33  Using SAMs overcomes these problems because the 
molecules are well-ordered and robust, and the molecular structure can be tailored 
according to the device specificity.1  RSH SAMs sandwiched between the top and bottom 
electrodes act as an electrical insulator, which allows for electron tunneling between the 
two electrodes.  The bottom electrode is the substrate and the top electrode can be layered 
above the SAM by the direct deposition of a metal (Figure 1.04a).34-38  This process 
however, can damage to the SAM and the evaporated metal can penetrate through the 
SAM, leading to electrical short circuits and unstable current-voltage  
characteristics.34,36,40  A highly conductive poly(3,4-ethylene-dioxythiophene) stabilized 
with poly(4-styrenesulphonic acid) (PEDOT:PSS) polymer can be layered above the 
SAM to protect the SAM during the deposition of the top electrode.  This technique is 
low-cost, yields measurements that are easily reproducible, and can be produced in large 
scale industrial quantities.41 
 
Introduction 
9 
Bottom Electrode
Top Electrode
Bottom Electrode
Hg
Bottom Electrode
EGaIn
 
Figure 1.04.  Examples of junctions using SAMs with top electrodes consisting of (a) 
directly deposited metal, or liquid metals suspended on a syringe such as (b) mercury and 
(c) EGaIn. 
 
Alternatively, using liquid metals suspended on a syringe such as mercury (Figure 
1.04b)42-47 or gallium-indium eutectic (EGaIn) (Figure 1.04c)48-52 as the top electrodes 
can be beneficial because of the avoidance of the second deposition step.  The latter 
method is more advantageous than the former because EGaIn is non-toxic compared to 
mercury and its non-Newtonian nature allows it to form conical tips with smaller 
diameters than the spherical mercury drops, providing more contact point measurements 
within an area.50 
A more recently fabricated junction uses graphene as the top electrode instead of 
metallic top electrode layer.  The graphene-based devices have a resistance per molecule 
comparable to those of metal–SAM–metal devices, with excellent durability, thermal 
stability and device lifetimes.53 
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1.1.4.3. SAMs as Model Biological Interfaces 
 
SAMs can be used as model surfaces for biological and biochemical processes due to 
their facile preparation in incorporating a wide range of organic functionalities.  
Biomolecules interact with SAMs either by covalent attachment (such as reversible 
amide formation from amines), non-covalent coupling (such as hydrophobic and 
hydrophilic interactions), or by the specific affinity interactions (such as antigen–
antibody pairing).54  Non-polar and ionic surfaces allow for protein adsorption.55,56  In 
contrast, the surfaces consisting of alkanethiols with oligomers of ethylene glycol (EG) 
terminal groups such as HS(CH2)11(OCH2CH2)nOH and HS(CH2)11(OCH2CH2)nOCH3, n 
= 2–17 are best at resisting protein adsorption, and these surfaces are used as the standard 
to which other protein-resistant systems are compared.55,57-59  The alkyl chain portion of 
the SAMs from these EG-containing adsorbates are dense, highly-ordered and have the 
same molecular conformation found in RSH SAMs, while the EG portion are less 
ordered.60,61  Patterning of surfaces to obtain both protein-adhering and protein-resisting 
areas allows for controlled immobilization of proteins to investigate protein interactions 
that would be difficult to detect in situ.  An example of a patterned surface is shown in 
Figure 1.05a.  This surface is first formed with patterned RSH SAMs by CP.  Then, the 
substrate is exposed to a solution of EG-containing thiol, where the EG-containing 
molecules adsorb onto the remaining bare regions.  The densely-packed SAMs provide 
distinctive areas on the surface for protein interactions.  An extracellular matrix protein 
such as fibronectin, fibrinogen or collagen, physisorbs on the hydrophobic CH3-
terminated regions of the surface, and allows for the controlled adherence of mammalian 
cells in those regions.1,62-64 
Another biological model surface can be prepared with mixed SAMs consisting of 
two EG-containing molecules as shown in Figure 1.05b, one of which contains the 
receptor for specific interactions of biomolecules.  This model surface provide excellent 
control over the density and the environment of the ligands.65,66 
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Figure 1.05.  Schematic diagrams of (a) a patterned SAM, which allows for 
physisorption of protein in hydrophobic regions and (b) a receptor for specific 
interactions in a matrix of biorepulsive molecules. Both types of SAMs are used for many 
biological applications, adapted with permission from reference 1. 
 
The immobilization of proteins with SAMs is accompanied by changes in the surface 
interfacial properties, which can be detected by surface analytical techniques.  Examples 
of such techniques are quartz crystal microbalance spectroscopy,67-69 surface plasmon 
resonance spectroscopy,66,69,70 and electrochemical impedance spectroscopy.66  
Specifically, these instruments detect changes in the piezoelectricity, the index of 
refraction, and the electron transport through electrodes, respectively.  The use of 
patterned SAMs coupled with analytical techniques gives SAMs important uses as 
biosensors.1,54 
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1.2. New Frontier SAMs 
 
1.2.1. SAMs with Multidentate Headgroups – Chelation 
 
The widespread use of RSH SAMs encouraged many researchers to design new 
adsorbates of different molecular structures to achieve SAM properties beyond those 
available with RSH SAMs.  One approach is to alter the headgroup in order to increase 
the available anchoring points to the substrate.  This method changes the thermal or 
electrical stability of the SAM, the packing density of the substituents and the electronic 
coupling to gold.  A recent review by Lee et al describes new adsorbates with more than 
one binding moiety that generate monolayers of well-defined organic films with 
enhanced thermal stability through the entropy-driven “chelate effect” (Figure 1.06).  In 
addition, multidentate adsorbates with two or more chemically distinct terminal groups 
covalently bound to the same headgroup offer new types of thin-film “hybrid” 
compositions.71  Examples of multidentate adsorbates are given in the next sections with 
their SAM properties described and compared to RSH SAMs and other adsorbates with 
similar structures (1 to 6, Figure 1.07) 
 
a) b) c)
 
Figure 1.06.  SAMs generated from adsorbates with (a) monodentate, (b) bidentate and 
(c) tridentate binding modes, adapted with permission from reference 71. 
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1.2.1.1. Dithiocarboxylic Acids 
 
Dithiocarboxylic Acids (DTCAs, 1) attach to the surface of gold via equivalent 
binding of both sulfur atoms in the headgroup.  Ellipsometric thickness measurements 
reveal that DTCA SAMs are less stable than their corresponding RSH SAMs.  DTCA 
SAM desorption rates under various conditions are relatively rapid compared to RSH 
SAMs.  The desorption rate is increased in conditions containing oxygen atoms, which 
target the sulfur atoms for oxidation.  Short chain DTCA SAMs are more sensitive to 
oxidation, and therefore desorption, than long chain DTCA SAMs.72 
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SH SH
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Figure 1.07.  Structures of bidentate adsorbates for SAM formation. 
 
Advancing water contact angles [a(H2O)s] indicate that the DTCA SAMs have 
indistinguishable H2O wettabilities from those of RSH SAMs.  Both DTCA and RSH 
SAMs exhibit similar zigzagging “odd-even effect” pattern in the advancing hexadecane 
contact angles [a(HD)s], where the exposure of CH2 groups (odd alkyl chain lengths) 
causes a(HD) to decrease compared to that of exposed CH3 groups (even alkyl chain 
lengths).  This alternating pattern is more pronounced for the DTCA SAMs, indicating 
the structural differences between DTCA and RSH SAMs.73,74 
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Because DTCA SAMs are easier to remove than RSH SAMs, they have potential 
applications for temporary nanoscale coatings, such as soft lithographic patterning.  
Time-dependent etch removal studies of fully covered DTCA SAMs on gold indicate that 
long chain DTCA SAMs (C13–C17) offer better protection against etching than short chain 
(C10–C12) DTCA SAMs.  Analysis by scanning electron microscopy (SEM) of patterned 
C16DTCA and C16SH SAMs reveals that C16DTCA SAMs provide similar etch resistance 
to C16SH SAMs, having clearly defined sharp edges as shown by atomic force 
microscopy (AFM).74 
 
1.2.1.2. Spiroalkanedithiols 
 
The structure of spiroalkanedithiols (2 – 4) allows for two pendant moieties, unlike 
DTCAs (1).  Lee et al synthesized derivatives of dialkanedithiols 2, monoalkanedithiols 3 
and alkylmethyldithiols 4, formed and characterized the SAMs, and then compared to 
those generated from RSH in terms of thermal desorption, and the organization and 
packing of the chains. 
X-ray photoelectron spectroscopic (XPS) analyses indicate that derivatives of 2 and 3 
exhibit S atoms bonded to the surface of gold.75  This “chelate effect” generates SAMs 
with enhanced thermal stabilities compared to those of monodentate adsorbates.  The 
SAMs composed of 2,2-dipentadecylpropane-1,3-dithiol [(C15)2C(CH2SH)2] and 2-
pentadecylpropane-1,3-dithiol [C15CH(CH2SH)2] exhibit higher thermal stabilities 
relative to that of heptadecanethiol (C17SH) upon immersion in hot decalin.  The SAMs 
adsorbed at 50°C are more resistant to desorption than those adsorbed at room 
temperature.  The trend in alkyl chain crystallinity does not correlate with the trend in the 
thermal stabilities, indicating that the SAM thermal stability is attributed solely to the 
chelation.76 
The structure of spiroalkanedithiols controls the alkyl chain packing density.  SAMs 
generated from long chain derivatives of 2 are highly oriented and well packed, but they 
exhibit less crystalline chains than those of analogous RSH SAMs.77  SAMs generated 
from derivatives of 3 exhibit alkyl chains that are less crystalline than those of analogous 
derivatives of 2.75  A new series of SAMs generated from 4 exhibit conformationally 
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disordered monolayer films in which the density of alkyl chains is less than that of SAMs 
of derivatives of 3 because of the presence of steric bulk caused by the CH3 group next to 
the quaternary carbon centre.78  The structure of spiroalkanedithiols also influences the 
frictional properties of the formed SAMs.  Analyses by frictional force microscopy 
(FFM) indicate that SAMs of homologous 17-carbon chain lengths (C17SH, n-C17; 
(C15)2C(CH2SH)2, d-C17; and C15CH(CH2SH)2, m-C17) show a trend in frictional 
response (n-C17 < d-C17 << m-C17), which reflects the trend in alkyl chain packing 
density (n-C17 > d-C17 > m-C17).79 
 
1.2.1.3. Dithiocarbamates 
 
Dithiocarbamate (DTC, 5, Figure 1.07) SAMs are formed by the immersion of gold 
substrates in solutions of 1:1 ratio of carbon disulfide and a secondary amine in a one-pot 
in situ procedure.  The resulting DTC SAMs are robust: they are resistant to displacement 
by competing RSH molecules and they are stable in solution pHs ranging from 1 to 12.  
The DTC headgroup provides the chelating effect so that even short chain DTC SAMs 
are stable up to 12 hrs at 85°C.80  Resonance structures of the [NC(S)S]- headgroup 
through the N–C and the C–S bonds produce SAMs with stronger adsorbate–metal 
coupling compared to RSH SAMs.81 
SAMs generated from short to moderate chain lengths of Li+[R2N=CS2]- salts exhibit 
liquid-like packing, while the longest chain (C18)2N=CS2 SAM exhibits similar thickness, 
crystallinity, wettability and capacitance to those of the C18SH SAM.  However, 
(C18)2N=CS2 SAM also exhibits an order of magnitude lower resistance against 
penetration of redox probe than C18SH SAM owing to the higher density of pinhole 
defect sites.82 
Primary and unsymmetrical secondary amines can be incorporated to form SAMs of 
unsymmetrical DTCs (6, Figure 1.07).  The structure of the amine moiety dictates the 
DTC SAM assembly; primary amines form DTC SAMs that are more prone to solution 
decomposition and to generation of chemisorptive byproducts than those of secondary 
amines.  During the monolayer assembly of more complex amines, some counterions 
adsorb competitively on the surface resulting in Au oxidation, which hinders the SAM 
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formation.83  Incorporating aromatic groups in the DTC structures (7 and 8, Figure 1.08) 
allows for the formation of DTC SAMs that are robust, having high thermal stability and 
conductivity compared to those of RSH SAMs, allowing for the formation of DTC-based 
molecular junctions.  Indeed, the SAM formed from terphenyl-containing DTC (8) has a 
conductance that is two orders of magnitude higher than the SAM of analogous 
terphenylthiol.84 
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Figure 1.08.  Examples of dithiocarbamates used for molecular junction fabrication and 
measurements. 
 
Metal–insulator–metal junctions have been fabricated with SAMs on gold generated 
from asymmetric DTCs bearing a central para-substituted phenyl ring and thioacetate tail 
groups (9 and 10, Figure 1.08).  The deprotection of the thioacetate moieties reveals the 
SH groups (Figure 1.09).  For electrical characterization, a conductive PEDOT:PSS 
polymer layer coats the exposed thiol groups, and contacted with a mercury-drop 
apparatus.  The average current densities show that the conductance of the SAM of 10 is 
~three times lower than that of the SAM of 9 and ~two times higher than that of 1,12-
dodecanedithiol SAM at a bias of 1 V.  In addition, both junctions of 9 and 10 exhibit 
moderate rectification ratios.85 
 
Introduction 
17 
 
Figure 1.09.  Schematic illustration of the fabrication steps for the formation of metal–
insulator–metal junctions composed of asymmetrical DTC SAMs, adapted with 
permission from reference 85. 
 
1.2.1.4. Trithiols and Higher Multidentate Thiols 
 
The trithiol derivatives of 11 in Figure 1.10 offer three anchoring points to the 
surface, thus the SAMs generated from 11 have increased thermal stability compared to 
the analogous bidentate adsorbates (2, 3 and 4, Figure 1.07).  Using UV-vis spectrometry 
to monitor the thermal stability of the monolayer-protected gold cluster molecules 
(MPCs) in solution reveal that the MPC generated from C16C(CH2SH)3 (t-C18) is the 
most thermally stable nanoparticle compared to those generated from 2-
hexadecylpropane-1,3-dithiol (C18C2) and 2-hexadecyl-2-methylpropane-1,3-dithiol 
(C18C3), with the least stable from those of octadecanethiol (n-C18).  The trend in 
thermal stability (t-C18 > C18C2 ≈ C18C13 > n-C18) found in MPCs in solution is 
retained in the SAMs formed with the same adsorbates on gold surfaces by the desorption 
analysis by XPS, indicating a correlation between stability and the degree of chelation 
(tridentate > bidentate > monodentate).86,87 
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Figure 1.10.  Structures of tridentate and higher multidentate adsorbates for SAM 
formation. 
 
In contrast, the alkyl chains of SAMs generated from a series of molecules of 11 
exhibit the lowest packing density and least conformational order in comparison to those 
generated from the analogous series of 3, 4 and monodentate RSH molecules due to the 
bulkier headgroup of 11, which gives extensive spacing of the alkyl chains.  The trend in 
packing density and conformational order of the SAMs is observed as RSH » 3 > 4 > 
11.88 
Other adsorbates featuring three or more anchoring points in Figure 1.10 include 
aminotrithiol (12),89 thiols of adamantane derivatives (13 and 14)90-92 and a silicon-
containing trithiol (15).93  Severe steric interactions prevent the chelation of all three thiol 
headgroups in SAMs of Structures 12 and 15,89,93 but the increased number of contact 
points on the surface allow them to have higher stability compared to the monodentate 
adsorbates:  The SAM of Structure 12 is not displaced by long chain RSHs,94 and the 
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SAM of 15 has greater thermal stabilities in hot solvents compared to octadecanethiol 
SAM.93  Higher number of thiol headgroups is achieved by increasing the generation of 
dendron 15 to form 16, which changes the bromophenyl density on the surface upon 
SAM formation.93  The adamantane-derived trithiols (13 and 14) fully chelate on surfaces 
and the adamantyl moieties arrange into two-dimensional ordered crystal structures.90-92 
 
1.2.2. Formation of Mixed SAMs 
 
The formation of homogeneously mixed SAMs provide a means to access a range of 
interfacial properties useful for applications not found for densely-packed, well-ordered 
SAMs.  A straightforward method to obtain a mixed SAM is to use a solution with mixed 
adsorbates of dissimilar chains for the SAM formation.  Dissimilarities of the chains 
include differences in chain lengths or tail groups or both.  These methods are described 
in the next sections, highlighting some disadvantages and the alternative methods to 
overcome the problems. 
 
1.2.2.1. Coadsorption of Mixed CH3-Terminated RlongSH/RshortSH 
 
Mixing solutions of RlongSH and RshortSH results in SAMs that have conformationally 
disordered chains from the exposed portion of the longer chain (Region 2, Figure 1.11) 
while retaining complete surface coverage by the shorter chains and the corresponding 
portion of the longer chain (Region 1, Figure 1.11).  Unfortunately, the mixed 
RlongSH/RshortSH SAMs produced from mixtures of CH3(CH2)nSH and CH3(CH2)mSH (n 
> m) show that the adsorption of the thiol with the longer chain is preferred.95  The 
composition of the SAM is not equal to the composition of the solution and the 
differences in the chain length (n – m) result in phase segregation into microscopic 
islands,96,97 particularly when n – m > 4 carbon atoms.98 
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Figure 1.11.  The ideal mixed SAM having two components properly mixed, adapted 
with permission from reference 96. 
 
1.2.2.2. Coadsorption of Mixed R1SH/R2SH with Different Terminal Groups 
 
The coadsorption of mixtures of RSHs with the same chain length but different tail 
groups (CH3 with Br, COOH or OH) was performed in order to control the composition 
of highly structured, multicomponent interfaces.  Figure 1.12 shows the mole fraction of 
the polar component on the surface (psurface) as a function of the mole fraction of the 
polar component in solution (psolution).  The resulting SAMs are well-packed, with the 
two functional groups exposed at the surface.  Only the SAM with mixed CH3/Br groups 
shows ideal mixing behaviour, which follows a linear trend in the SAM composition and 
in contact angle measurements.  The SAMs of mixed CH3/COOH and CH3/OH groups 
exhibit non-ideal behavior in the SAM composition (bottom graph) and wettability (top 
graph),99 and thus show deviation from linearity in the plot.  Evidence of phase separation 
in the SAM of CH3/OH have been reported.100 
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Figure 1.12.  (Top) Contact angle data (water and hexadecane) with varying mole 
fraction of the polar component shows that only the mixed SAM with CH3/Br groups 
shows ideal mixing behaviour (linear plot) while those of CH3/COOH and CH3/OH 
shows deviations from the linear plot. The surface composition does not equal the 
solution composition (bottom), adapted with permission from reference 99. 
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1.2.2.3. Coadsorption of Mixed RlongSH/RshortSH with Different Terminal Groups 
 
The mixed RlongSH/RshortSH SAMs formed from a mixed solution of RlongSH 
consisting of a longer CH3-terminated chain and RshortSH consisting of a shorter OH-
terminated chain in varying solution ratios shows abrupt transitions in SAM thickness 
and wettabilities, indicating that the reliability of perfectly mixing such systems falls 
within a narrow range, therefore limiting the surface tunability (Figure 1.13).  The same 
abrupt transitions are also observed from the SAMs comprised of varying ratios of CH3-
terminated RshortSH and OH-terminated RlongSH.95,96 
 
 
Figure 1.13.  Analyses by ellipsometry, XPS and contact angle for mixed SAMs of 
RlongSH/RshortSH with CH3/OH groups showing abrupt changes in interfacial properties 
with varying ratios of OH- and CH3-terminating RSHs in solution, adapted with 
permission from reference 96. 
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1.2.2.4. Adsorbates Featuring Unsymmetrical Pendant Groups 
 
1.2.2.4.1. Unsymmetrical Monosulfides and Disulfides 
 
The difficulty in controlling the mixing of R1 and R2 chains from mixtures of 
R1SH/R2SH solutions has encouraged the use of adsorbates that have dissimilar chains 
bound to a common headgroup.  Unsymmetrical dialkylsulfides (R1SR2s, 17, Figure 1.14) 
provide convenient mixing of the two dissimilar chains to allow for depth sensitivity 
study of mixed functional groups.  R1SR2 SAMs composed of a short CO2H-terminated 
chain and a long CH3-terminated chain show the CO2H group is completely screened 
from contact with H2O when n ≈ 5 CH2 units, but the CO2H groups are fully exposed 
when the two chains have the same length.16  Unfortunately, the weaker dative sulfur–
metal interaction11,16,17 is a concern for SAMs of 17, as they are significantly less densely 
packed and less ordered than those prepared from RSHs. 
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Figure 1.14.  Structures of unsymmetrical dialkylsulfide dialkyldisulfide and 
spiroalkanedithiol. 
 
SAMs generated from dialkyldisulfides (R1S–SR2, 18, Figure 1.14) may provide 
proper mixing of R1 and R2 chains, and through the sulfur–sulfur headgroup cleavage 
forms SAMs that are comparable to those of RSH SAMs.7-11  A depth sensitivity study of 
SAMs generated from CH3(CH2)11+nS–S(CH2)11OH, n = -4, -3, 0, +2 and +4, shows 
changes of surface properties by chemical force microscopy and contact angle techniques 
when n ≥ 2 CH2 units.  The small changes in n do not affect the packing structure of the 
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SAMs nor vary the 50:50 surface compositions of OH and CH3-terminated chains.101  
However, the preference of adsorption by the molecules with longer chains becomes 
significant for the SAMs with larger differences in n, such as those generated with 
CH3(CH2)n-1S–S(CH2)15CH3, n = 4, 8, 12.  These SAMs exhibit improper alkyl chain 
mixing similar to SAMs generated from mixed RlongSH/RshortSH.102  In R1S–SR2 SAMs 
comprising of alkyl and semifluoroalkyl chains, the larger steric hindrance surrounding 
the disulfide bonds may prevent sulfur–sulfur bond cleavage, which results in the absence 
of phase segregation of the chains.103-105 
 
1.2.2.4.2. Unsymmetrical Spiroalkanedithiols 
 
Using unsymmetrical spiroalkanedithiols (19, Figure 1.14) solves the problem of the 
prevalence of long chain moieties in the SAM formed, thus satisfying the requirement to 
properly mix R1 and R2 chains.  In addition, SAMs generated from 19 benefit from the 
ability of the (CH2SH)2 headgroup to chelate and thus yield SAMs that are more 
thermally stable than the SAMs generated from monodentate molecules.  SAMs prepared 
from the adsorption of a series of 19 from symmetrical (n = m) to progressively more 
unsymmetrical (|n – m| = 1, 3, 5, 7), and monoalkanedithiol (3, Figure 1.07) show that the 
alkyl chain conformation and packing influences the wettability and the tribological 
properties of the SAMs.  Low |n – m| yield well-ordered and well-packed R groups and 
the formed SAMs exhibit low wettabilities and low frictional responses compared to 
those with higher |n – m|, which yield disordered, loosely-packed R groups due to higher 
fraction of CH2 exposed at the interface.  The contact angle hystereses () were 
consistent with a model in which the R1 and R2 groups are homogeneously mixed across 
the surface.106  s are sensitive to the chemical composition of the SAM:  A chemically 
homogeneous SAM give low s, while a chemically heterogeneous SAM that exhibit 
phase separation of the alkyl chains causes contact line pinning of the liquid probe, which 
increases s.95  The trends in wettability and friction are caused by the van der Waals 
interactions between the hydrocarbon film and the contacting liquid probe and AFM tip, 
respectively.106 
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SAMs of mixed decanethiol (C10SH) and heptadecanethiol (C17SH) with varying 
solution ratios (rsol = C10SH/C17SH = 1, 2, 3, 4, 10) show that a roughly 50:50 mixed 
SAM composition is achieved when rsol = 2 and 3.  A direct comparison between 2-octyl-
2-pentadecylpropane-1,3-dithiol [C10C17(SH)2] SAM and the 50:50 SAM composition of 
mixed C10SH/C17SH show that a local domain formation (islanding) of the tail groups is 
absent in C10C17(SH)2 SAM (Figure 1.15a) in comparison to the mixed C10SH/C17SH 
SAM (Figure 1.15b).107 
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Figure 1.15.  Topographical AFM images of the SAMs derived from (a) C10C17(SH)2 and 
(b) a mixture of C10SH and C17SH where rsol = 2. Red areas represent topographical highs 
and blue areas represent topographical lows, adapted with permission from reference 107. 
 
1.2.3. Bidentate Phosphorus-Containing Adsorbates 
 
The organodithio-phosphorus derivatives have structures consisting of a tetrahedral 
phosphorus centre bound to two sulfur atoms to give a headgroup of the form P(S)SH, 
which can chelate to the substrate.  In addition, the phosphorus centre attaches to two 
pendant groups (20, Figure 1.16), giving overall molecular structures similar to those of 
spiroalkanedithiols (2, Figure 1.07).  Such compounds have been used in the industry as 
selective collectors for the flotation separation of precious metals from sulfide ores, 
which prompted the investigation of their coordination to metals.108-115  Some interesting 
insights from their coordination patterns in metal complexes,108,116-118 their use as 
extractors of radiotoxic ions119 and their self-assembly on coinage metals109,112,115 are 
briefly described in the following sections. 
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Figure 1.16.  The general structure of bidentate phosphorus-containing adsorbates. 
 
1.2.3.1. The P(S)SH Coordination Patterns in Metal Complexation 
 
The deprotonation of the acidic proton produces anions which can be described by 
two resonance structures R2P(S)S- or R2PS2-.  Soft metals tend to interact with the former 
structure to form primary, covalent metal–sulfur bond with a second non-interacting 
sulfur atom (Figure 1.17a), or may participate in a dative bond (Figure 1.17b), or 
secondary interaction (Figure 1.17c).  Hard metals interact through the latter structure 
with a more pronounced ionic character, resulting in the metal–sulfur bonds roughly 
equal in length and strength (Figure 1.17d).  The latter three structures also apply to 
bridging coordinations (Figures 1.17e, f, and g).108,116 
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Figure 1.17.  Structures of coordination patterns of P(S)SH with metals (a) monodentate, 
(b) dative, (c) anisobidentate and (d) isobidentate chelating coordinations, and (e) dative, 
(f) anisobidentate and (g) isobidentate bridging coordinations. 
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Coordination of R2P(S)SH with gold forms gold complexes of the type 
[Au(S2PR2)2].117  Unsymmetrical pendant groups of dithiophosphonates have possible cis 
and trans isomers (20 and 21, respectively, Figure 1.18) upon the formation of the 
complex, but X-ray crystal structures reveal that only the trans isomer is obtained.118  
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Figure 1.18.  Possible structures of unsymmetrical gold complexes of [AuS2PR(OR)]2. 
 
1.2.3.2. Extractors for Radiotoxic Ions 
 
Derivatives of dialkyldithiophosphinic acids with longer alkyl chains [R2P(S)SH, R = 
n-octyl, 1-methylheptyl, 2-ethylhexyl and 2,4,4-trimethylpentyl] in toluene solutions have 
been tested for the extraction of radiotoxic Am3+ and Eu3+ in aqueous solutions with 
different pH values.  The extraction power is strongly dependent on the alkyl group of the 
dithiophosphinic acids:  The n-octyl derivative shows the highest extraction power, while 
that of 2,4,4-trimethylpentyl shows the lowest.  To better mimic actual nuclear fuel 
reprocessing, the four compounds have been dissolved in kerosene and tested for the 
selective extraction of trace amounts of Am3+ in a macro solution of Eu3+.  Surprisingly, 
the n-octyl derivative shows the least loading capacity, while that of 2-ethylhexyl shows 
the most, indicating that 2-ethylhexyldithiophosphinic acid has the most promising 
industrial use for extraction.119 
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1.2.3.3. Self-Assembly on Coinage Metals 
 
There are only a limited number of studies done on the self-assembly of phosphorus-
containing adsorbates on coinage metals.  The motivation for these studies is to 
investigate the nature of binding of these adsorbates to compare to that of another 
commonly used collector agents (xanthates), which has been thoroughly investigated. 
The adsorption of potassium O,O’-di(para-fluorophenyl) dithiophosphate {KPS2[O-
(C6H4)-pF]2, (FTP)} on gold has been investigated.  XPS spectrum of FTP SAM shows 
that the FTP molecules are bound in a bidentate fashion.  The conformation of the 
organic portion changes from flat to fully erect with increasing immersion times and 
solution concentrations.  In contrast, FTP SAMs on silver and copper readily decompose 
upon X-ray exposure thus preventing the acquisition of XPS spectra.  The adsorption on 
silver and copper occurs through a dissolution–precipitation mechanism, which is 
presumably caused by the oxides on the metal.  The oxides erode the metal surface and 
prevent the formation of organized FTP structures.109  
Investigations by cyclic voltammetry of diisobutyldithiophosphinates (DIBDTPIs) on 
platinum and gold substrates show that the DIBDTPI oxidize to form the disulfides 
[(DIBDTPI)2] on these surfaces, whereas Ag-DIBDTPI and Cu-DIBDTPI interactions 
were detected on silver and copper substrates.  Surface-enhanced Raman spectroscopic 
(SERS) measurements show that the DIBDTPI molecules chemisorbed on silver through 
both sulfur atoms.112 
In a recent article by Beattie et al., potassium diisoamyl dithiophosphate 
{KP(S)S[OCH2CH2CH(CH3)2]2, DTP} have been used as an adsorbate to form DTP 
SAMs on gold and gold:silver alloy surfaces.  Synchotron XPS spectra indicate that the 
DTP molecules exhibit monodentate and bidentate binding on the surfaces, with 
preferential adsorption through bidentate binding on the gold:silver alloy surface.115 
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1.3. Dissertation Objectives 
 
1.3.1. Star of the Show:  Dithiophosphinic Acids 
 
The focus of this dissertation is to use a new series of DTPAs (R1R2DTPA) to form 
SAMs.  We primarily examine the nature of binding of the P(S)SH headgroup, the alkyl 
chain organization and packing density, and the electrochemical properties as a function 
of varying the R groups.  First, we look into the effect of varying the alkyl chain lengths 
while keeping the chains symmetric (R1 = R2).  Here, we focus on the van der Waals 
interactions between the chains and the resulting alkyl chain packing density and 
organization and compare to those of analogous RSH SAMs.  This work is presented in 
Chapter 2.  Second, we examine the structurally similar dithiophosphate (C16)2DDP 
molecule to (C16)2DTPA and examine the differences in the headgroup binding, the alkyl 
chain packing density and the electrochemical response to further gain insight on the 
importance of side chain crystallinity on the SAMs.  This work is presented in Chapter 3.  
Third, we examine two cases in which the alkyl chains are unsymmetrical (R1 ≠ R2), how 
the length of the spacer (i.e. the shorter chain) affects the overall SAM packing density 
and thickness, and how well the dissimilar chains are mixed.  We compare the results 
with the SAMs generated from unsymmetrical spiroalkanedithiols from Lee et al.106,107  
This work is presented in Chapter 4.  Fourth, we introduce a phenyl moiety as a pendant 
group in the DTPAs and form SAMs from a series of PhRDTPAs while varying the alkyl 
chain length.  This study focuses on the differences of the headgroup binding, 
organization of the alkyl chain and the electrochemical response of the PhRDTPA SAMs 
as a function of the morphology of the gold subsrate.  We examine these effects on two 
types of gold substrates in order to gain fundamental knowledge of the SAM properties 
towards application of molecular junction.  This work is presented in Chapter 5.  Lastly, 
we change the wettability of the DTPA SAMs by incorporating the OH functionality to 
the DTPA molecules to form SAMs with different macroscopic properties compared to 
the SAMs generated from dialkyl DTPAs.  We also investigate the mixing of the two 
component, unsymmetrical alkyl chains.  This work is presented in Chapter 6. 
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2.1. Introduction 
 
Formation of n-alkanethiolate SAMs on gold is one of the principal research methods 
used to modify fundamental surface properties, such as wettability and frictional 
coefficients.1  The use of these SAMs has influenced a broad range of research fields, 
such as microfabrication,2 where they are used as resists to wet chemical etchants, 
biomaterials science,3,4 where they have been used to control protein adsorption, and 
molecular electronics,5,6 where they are the active element in molecular tunnel junctions.  
This widespread use has motivated researchers to form SAMs using adsorbates with 
molecular structures designed to access a range of SAM properties beyond those 
available with n-alkanethiolate SAMs.  A useful approach, recently reviewed by 
Chinwangso et al., has been to employ chelating, thiol-based headgroups.7  Such 
adsorbates produce stable SAMs due to the high affinity between thiol and gold 
combined with the chelate effect.  In a stability study of mono- bis- and trischelating 
alkanethiol SAMs, Srisombat et al. showed that SAM thermal stability correlates with the 
degree of chelation (i.e., tridentate > bidentate > monodentate);8 the same stability trend 
was observed in a study of the electric potential stability of these SAMs.9  The structures 
of these new SAMs are also distinct from those of linear alkanethiolate SAMs.  The 
bulky head group of tridentate alkanethiols enforces extensive spacing between alkyl 
substituents, causing them to be loosely packed and conformationally flexible.10  The 
alkyl groups in SAMs of long-chain bidentate alkanethiols are only slightly less 
crystalline than those of n-alkanethiolate SAMs,11 but using unsymmetrical versions of 
these adsorbates enables systematic control over alkyl group packing densities in the 
SAM.12-16  Enhanced electronic coupling between the headgroup and gold substrate is 
another property that can be attained using new adsorbates.  For example, 
dialkyldithiocarbamates chelate to gold surfaces to form SAMs in which the resonant 
bidentate structure of the headgroup enhances molecule–electrode coupling and improves 
electron transport properties.17-20   
We recently published a study of new SAMs formed from 
dihexadecyldithiophosphinic acids [(C16)2DTPA], which possess headgroups that are 
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capable of either mono- or bidentate binding to a gold surface (Scheme 2.1).21  We 
showed that grain boundaries on the surface of gold substrates fabricated by e-beam 
evaporation (As-Dep gold) inhibit the chelation of (C16)2DTPA adsorbates, producing 
SAMs in which 40% of the adsorbates are monodentate and 60% are bidentate.  Gold 
substrates produced by template-stripping (TS gold), which have larger grains with 
shallower grain boundaries, produce SAMs in which all (C16)2DTPA molecules are 
bidentate.  The monodentate adsorbates in (C16)2DTPA SAMs on As-Dep gold possess 
more conformational freedom relative to bidentate adsorbates, which allows the alkyl 
chains to pack densely on As-Dep gold.  Van der Waals interactions between the chains 
lead to crystalline alkyl groups.  In contrast, having all adsorbates anchored at two points 
on TS gold reduces this conformational freedom.  The tetrahedral geometry at 
phosphorus prevents the alkyl chains from packing closely, reducing van der Waals 
interactions and ultimately yielding SAMs with liquid-like, disordered alkyl chains. 
 
Au
a) b)
Au
R RR R
 
Scheme 2.1.  (a) Monodentate and (b) bidentate binding of dialkyldithiophosphinic acid 
on a gold surface. 
   
  One question remaining after this study is whether the presence of monodentate 
(C16)2DTPA adsorbates on As-Dep gold is solely due to the gold morphology or if the 
steric demands of the hexadecyl substituents play a role.  In this paper, we examine the 
series of [CH3(CH2)n]2DTPA (n = 5, 9, 11, 13, 15) SAMs formed on As-Dep gold.  Using 
x-ray photoelectron spectroscopy (XPS), we establish that these SAMs consist of a 
mixture of bidentate and monodentate adsorbates regardless of chain length.  We also 
compare the alkyl chain organization of the R2DTPA SAMs to analogous RSH SAMs on 
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gold using reflection-absorption infrared spectroscopy (RAIRS), contact angle 
measurements, and electrochemical impedance spectroscopy (EIS).  We show that 
although the crystallinity of alkyl chains in both R2DTPA and RSH SAMs increases with 
alkyl chain length, R2DTPA SAMs generally exhibit lower molecular packing densities 
compared to RSH SAMs.   
 
2.2. Experimental Section 
 
All chemicals were purchased commercially and used as received.  
Dialkyldithiophosphinic acids, [CH3(CH2)n]2P(S)SH, where  n = 5, 9, 11, 13, 15 were 
prepared according to reference 21.  The synthetic procedure, yields, melting points, 
elemental analyses, and NMR spectroscopic data are available in the Supporting 
Information.  All commerically received n-alkanethiols were purified by silica gel 
column chromatography using gravity elution (100% hexanes).  Purity was checked using 
1H NMR spectroscopy prior to forming SAMs. 
Gold Substrate Preparation.  Gold substrates were produced by depositing 2 nm 
titanium as an adhesion promoter followed by ~200 nm gold onto silicon wafers using an 
e-beam evaporator.  The gold films were used immediately after their fabrication to form 
SAMs to minimize surface contamination. 
SAM formation.  Approximately 2 cm x 2 cm gold substrates were immersed into 1 
mM solutions of R2DTPA in anhydrous toluene or in 1 mM alkanethiol (CH3(CH2)nSH, n 
= 5, 9, 11, 13, 15) solutions in anhydrous ethanol for 24 hours.  The substrates were then 
removed from solution, rinsed with anhydrous toluene (for dialkyl DTPA SAMs) or 
anhydrous ethanol (for alkanethiolate SAMs), and dried under a stream of nitrogen. 
 
Influence of Alkyl Chain Length on the Structure of Dialkyldithiophosphinic Acid Self-
Assembled Monolayers on Gold 
47 
2.2.1. Characterization 
 
X-ray photoelectron spectroscopy.  XPS spectra were collected at Surface Science 
Western (London, Ontario, Canada) using a Kratos Axis Nova X-ray photoelectron 
spectrometer with a monochromatic Al K source.  The detection limit of the instrument 
is 0.1 – 0.5 atomic percent.  Both survey scan and high resolution analyses were carried 
out over a 300 μm x 700 μm scan area.  Survey scan analyses were carried out with a 
pass energy of 160 eV, and high resolution analyses were carried out with a pass energy 
of 20 eV.  Samples were analyzed at a 30° take-off angle (60° tilt).  High resolution 
phosphorus line shapes were fit using one pair of spin-orbit split components (2p3/2 and 
2p1/2) assuming a Gaussian:Lorentzian (70%:30%) line shape and a fixed splitting energy 
of 0.84 eV with a 2:1 area ratio.22  High resolution sulfur line shapes were fit using two 
pairs of spin-orbit-split components (2p3/2 and 2p1/2) assuming a Gaussian:Lorentzian 
(70%:30%) line shape and a fixed splitting energy of 1.18 eV with a 2:1 area ratio.22 
Infrared spectroscopy.  Reflection-absorption infrared (RAIR) spectra were collected 
using a Bruker IFS 66/v spectrometer equipped with an MCT detector and Harrick 
Autoseagull accessory.  The p-polarized light was incident at 85˚ from the surface 
normal; 1024 scans were collected at a resolution of 2 cm-1. 
Contact angle measurements.  Advancing water and hexadecane contact angles were 
measured using the sessile drop method on a Rame-Hart contact angle goniometer 
equipped with a tilting stage.  A minimum of three drops from three samples were 
averaged. 
Electrochmical impedance spectroscopy (EIS).  EIS spectra were collected using a 
BAS-Zahner IM6 ex impedance unit.  A glass cell equipped with a calomel/saturated KCl 
reference electrode and a 1.0 mm Pt wire counter electrode was clamped to the working 
electrode, a 0.95-cm2 area of the SAM on gold, and then filled with an aqueous solution 
of 1mM K3Fe(CN)6, 1mM K4Fe(CN)6·3H2O and 10 mM Na2SO4.  The measurements 
were made at an open circuit potential set at 450 mV with a 10 mV ac perturbation that 
was controlled from 5.0×10-2 to 1.0×105 Hz.  SAM resistance and capacitance values 
were normalized to the area of the working electrode. 
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2.3. Results and Discussion 
 
2.3.1. SAM Preparation 
 
We synthesized [CH3(CH2)n]2DTPA compounds where n = 5, 9, 11, 13, 15 by first 
reacting diethylphosphite with the appropriate Grignard reagent (generated from the 
appropriate alkyl halide) to produce the dialkylphosphine oxide.  Reduction with lithium 
aluminum hydride then generated the secondary phosphine, which was oxidized with 
elemental sulfur to provide the dialkyldithiophosphinic acids in 60-80% yield (Scheme 
2.2).  We prepared SAMs of these adsorbates by immersing gold-coated silicon wafers 
prepared by e-beam evaporation into 1 mM solutions of R2DPTA in toluene for 24 h.  
Gold substrates were used immediately after removal from the evaporator to minimize 
any surface contamination prior to SAM formation. 
 
P
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SHRR
S
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1) S8, NH4OH, 18h
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Scheme 2.2.  Synthetic procedure to prepare dialkyldithiophosphinic acids. 
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2.3.2. DTPA Headgroup Binding 
 
Analysis of SAMs using XPS is a straightforward way to confirm the presence of 
elements consistent with SAM formation, and high-resolution XPS (HR-XPS) of the 
atoms comprising the adsorbate head group can be used to evaluate the nature of the 
chemical bond between the adsorbate molecules and the gold surface.  For thiol-based 
SAMs, the electronic environment at sulfur due to the nature of the Au-S interaction 
affects S 2p binding energies (BEs).  HR-XPS of the S 2p region can thus distinguish 
sulfur species chemisorbed to gold (S 2p3/2 BE ~161 eV), sulfur species not interacting 
with gold (S 2p3/2 BE ~163 eV), and oxidized sulfur adsorbates (S 2p3/2 BE ~ 167-169 
eV).23-26  Although the binding mode of R2DTPA adsorbates also affects P 2p BEs,27 the 
lower cross-section of phosphorus compared to sulfur (relative sensitivity factors of 0.486 
and 0.668, respectively) and the location of the P 2p signal along the large inelastic 
background of the Au 4f peaks prohibits the resolution of different phosphorus species 
using conventional HR-XPS.  We collected XPS survey scans and HR-XPS scans of the 
S 2p region of the series of R2DTPA SAMs on gold.  Survey scans of each sample 
included peaks due to gold, carbon, sulfur, and phosphorus, consistent with the formation 
of SAMs (Figure S2.1).  The scans also detected oxygen.  HR-XPS of the S 2p region 
provided information about the binding mode of the DTPA head group to the gold 
substrate, as well as insight into the presence of oxygen.  The HR-XPS spectra are given 
in Figure 2.1, and the data are summarized in Table 2.1.  For all R2DTPA SAMs, the HR-
XPS scans showed a complex line shape that we fit using pairs of spin–orbit-split 
components (S 2p3/2 and S 2p1/2) by assuming a Gaussian/Lorentzian (70%:30%) line 
shape and a splitting energy fixed at 1.18 eV.22  Each spectrum showed an S 2p3/2 peak at 
~161 eV, indicating that R2DTPA adsorbates are chemisorbed to gold through a gold-
sulfur bond, as well as an S 2p3/2 peak at ~163 eV, indicating that monodentate 
adsorbates are present in each of the SAMs.  The intensities of these peaks provide the 
ratio of bidentate:monodentate DTPA head groups.  For all R2DTPA SAMs, the 
chemisorbed sulfur:non-interacting sulfur ratio is roughly 80:20, corresponding to a 
bidentate:monodentate DTPA ratio of approximately 60:40.  (C6)2DTPA and (C10)2DTPA 
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SAMs showed an additional S 2p3/2 peak at ~169.0 eV.  We attribute this peak to an 
oxidized sulfur species that presumably arises due to oxidation of the DTPA headgroup.28   
According to the HR-XPS analysis, the length of the alkyl substituents does not 
significantly affect the binding mode of the DTPA headgroup on As-Dep gold, which 
supports our previous hypothesis that the depth and density of grain boundaries of the 
underlying gold substrate is the factor that disrupts bidentate binding.21  The length of the 
alkyl substituents does, however, affect how well the DTPA headgroup is protected from 
oxidation.  Although oxygen was detected in XPS survey scans for all chain lengths, the 
presence of oxidized sulfur species was only detected for (C6)2DTPA and (C10)2DTPA 
SAMs, which are the shortest alkyl chains studied.  The absence of oxidized sulfur 
species in XPS spectra of the longer chain R2DTPA SAMs implies that the longer alkyl 
chains protect the DTPA headgroup from oxidation, although the presence of oxygen in 
the survey scans for these SAMs indicates that they do not prevent the adsorption of 
oxygen-containing species.  Hutt and Leggett showed that the rate of UV photooxidation 
of n-alkanethiolate SAMs to produce oxidized sulfur species is strongly dependent on the 
alkyl chain length.29  Using XPS peak intensities in the spectra of (C6)2DTPA and 
(C10)2DTPA SAMs to determine ratios of oxidized S to chemisorbed S supports the 
dependence of the susceptibility of the DTPA headgroup to oxidation on alkyl chain 
length.  As the alkyl chain length decreases from decyl to hexyl, the ratio of oxidized 
S:chemisorbed S increases from 0.089 to 0.195. 
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Figure 2.1.  HR-XPS spectra of the S 2p region for [CH3(CH2)n]2DTPA SAMs on gold. 
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Table 2.1.  S 2p3/2 binding energies and the ratio of chemisorbed : non-interacting S 
species of [CH3(CH2)n]2DTPA SAMs on gold. 
S 2p3/2 Assignment[a] 
S 2p3/2 Binding Energies (eV) 
n = 5 n = 9 n = 11 n = 13 n = 15 
chemisorbed S (blue) 161.4 161.5 161.6 161.5 161.9 
non-interacting S (red) 163.3 163.3 163.2 162.9 163.4 
oxidized S (green) 168.5 168.9 - - - 
ratio of chemisorbed : non-
interacting S 
77:12 83:9 87:13 86:14 80:20 
[a] Colors refer to fitted peaks in Figure 2.1  
 
2.3.3. Organization of the Organic Layers 
 
RAIRS of SAMs provides useful information about the crystallinity, packing density, 
and conformation of the alkyl groups.  The positions of the symmetric and asymmetric 
methylene C-H stretches are indicators of alkyl group crystallinity,30 whereas peak 
intensities are related to the number of methylene groups in the alkyl chain, adsorbate 
packing densities, and the average tilt of the alkyl groups according to the surface 
selection rule.31  RAIR spectra of the series of R2DTPA SAMs are shown in Figure 2.2.  
As expected, the intensities of peaks due to the symmetric and asymmetric methylene 
stretches increase as the number of methylene groups (n) in the R2DTPA adsorbate 
increases.  The asymmetric and symmetric methylene stretching peak frequencies for 
R2DTPA SAMs (Table 2.2), gradually decrease as the alkyl chain length increases, from 
2922 cm-1 and 2853 cm-1 for (C6)2DTPA to 2918 cm-1 and 2850 cm-1 for (C16)2DTPA.  
This trend indicates that the crystallinity of the organic layer of R2DTPA SAMs increases 
with increasing alkyl chain length, similar to what has been observed for RSH SAMs on 
gold.30  As the alkyl chain length increases, the increasing number of van der Waals 
interactions between alkyl chains causes the progression from a liquid-like organization 
to a crystalline one.  Comparison of the asymmetric methylene stretching frequencies of 
R2DTPA SAMs with analogous RSH SAMs30 shows that for n = 5 – 13, as(CH2) is 1 – 2 
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wavenumbers higher for the former SAMs, suggesting that for these chain lengths,  
R2DTPA SAMs are somewhat less ordered and crystalline than RSH SAMs.  Methylene 
stretching frequencies for (C16)2DTPA and C16SH are identical, indicating that both 
SAMs possess crystalline alkyl chains. 
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Figure 2.2.  RAIR spectra (2990–2820 cm-1) of [CH3(CH2)n]2DTPA SAMs on gold.  The 
dashed vertical lines indicate the position of the asymmetric (2918 cm-1) and symmetric 
(2850 cm-1) methylene stretching modes for a crystalline C16SH SAM. 
 
Table 2.2. RAIRS absorption bands for (CH3(CH2)n)2DTPA SAMs on gold 
C-H 
Stretching 
Mode 
Peak Positions (cm-1) 
n = 5 n = 9 n = 11 n = 13 n = 15 
as (CH2) 2922 2922 2921 2921 2918 
s (CH2) 2853 2853 2852 2851 2850 
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A comparison of C-H stretching intensities of pairs of R2DTPA and RSH SAMs with 
the same alkyl chain lengths provides additional insight into structural differences 
between the two SAM types (Figure 2.3).  For each pair, the intensities of the symmetric 
and asymmetric methylene stretches are lower for the R2DTPA SAM than for the RSH 
SAM.  This difference is greatest for the short-chain SAMs; the intensities gradually 
become more closely matched as the alkyl chain length is increased, although they are 
still lower for (C16)2DTPA compared to C16SH.  In RAIR spectra, lower methylene 
stretching intensities may be due to the surface selection rule, indicating that adsorbates 
in the SAM are less tilted from the surface normal; however, a second explanation is that 
there is simply a lower density of alkyl chains in the SAM that exhibits the lower 
intensities.  One way to differentiate between these two possibilities is to compare the 
symmetric methyl stretching intensities at ~2878 cm-1.  If the alkyl chains in the R2DTPA 
SAMs are less tilted than their RSH counterparts, then according to the surface selection 
rule the intensity of the symmetric methyl stretch should be higher for the former SAMs 
than for the latter.  This is not the case; in fact, the symmetric methyl stretching 
intensities are significantly lower for R2DTPA SAMs for all chain lengths.  The 
combination of lower methylene and symmetric methyl stretching intensities implies that 
the density of alkyl chains in R2DTPA SAMs is lower compared to analogous RSH 
SAMs.  Intensity differences are greatest for SAMs with short alkyl chains, implying 
significantly less dense alkyl group packing for these R2DTPA SAM and consistent with 
the low crystallinity observed for these chains.  As the chain length increases, the 
differences in intensities, and hence alkyl group packing, becomes less substantial. 
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Figure 2.3.  Comparison of RAIR spectra (2990 - 2820 cm-1) of [CH3(CH2)n]2DTPA 
SAMs (solid lines) and (CH3)(CH2)nSH (dashed lines). 
 
Comparison of contact angle measurements of R2DTPA SAMs and RSH SAMs 
support the conclusions drawn from the analysis of RAIR spectra.  We measured 
advancing contact angles of water (a(H2O)) and hexadecane (a(HD)) on R2DTPA and 
RSH SAMs, and plotted the results as contact angle versus the number of methylene 
groups, n (Figure 2.4).  The plot shows that the contact angles of both liquids are 
generally lower on R2DTPA SAMs compared to RSH SAMs, which is consistent with a 
lower density of alkyl groups in R2DTPA SAMs compared to RSH SAMs.  When water 
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is used as the probe liquid, a(H2O) for (C6)2DTPA and C6SH is the same within error 
(~101°).  As the alkyl chain length increases from n = 9 to n = 15, a (H2O) increases and 
levels off for both SAM types, but is consistently ~5 ° lower for R2DTPA SAMs than 
analogous RSH SAMs.  Contact angle differences between the two SAM types are more 
dramatic with hexadecane as the probe liquid than with water.  Hexadecane is more 
sensitive to small changes in the interfacial free energy of hydrocarbon surfaces than 
water due to its lower surface tension.  It can also intercalate between the alkyl chains of 
the SAM, making the contact angles sensitive to changes in interfacial structure, such as 
packing density.32-34  For SAMs with the two shortest alkyl chains (n = 5 and 9), 
hexadecane wets the surface of the R2DTPA SAMs, yet has a measurable contact angle 
on RSH SAMs.  Wetting of hexadecane on these short-chain R2DTPA SAMs may be 
attributed to loose molecular packing with consequently disordered alkyl chains, and the 
hexadecane drop may also penetrate the SAM and interact with the underlying gold.33  
When the alkyl chain length is increased, a(HD) becomes measureable for R2DTPA 
SAMs, but is consistently lower than for analogous RSH SAMs.  The gap between 
a(HD) values for R2DTPA and RSH when n = 12 is 13.6°; for n = 13 and n = 15 the gap 
closes to ~6°.  Taken together, the hexadecane and water contact angle data are consistent 
with molecular packing in R2DTPA SAMs that is less dense than analogous RSH SAMs 
for all chain lengths.  This difference is especially pronounced for short chain lengths 
(hexyl to dodecyl); packing densities become similar, although not identical, only for the 
longest two chain lengths studied (tetradecyl and hexadecyl). 
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Figure 2.4.  Advancing contact angles of (a) water and (b) hexadecane for 
[CH3(CH2)n]2DTPA SAMs (triangles) and (CH3)(CH2)nSH SAMs (circles). 
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2.3.4. Electrochemical Barrier Properties 
 
We used EIS to further probe the differences in alkyl group packing densities of 
R2DTPA and RSH SAMs indicated by RAIRS and contact angle data.  The packing 
density of alkyl groups and the presence of defects in the SAM are both strongly 
correlated to the resistance of the SAM to the diffusion of a redox probe to the underlying 
metal surface.35-37  Using EIS, we can determine this resistance, as well as the 
capacitance of the SAM.  In the EIS experiment, a sinusoidal ac perturbation is applied at 
frequencies ranging from 50.0 mHz to 200 kHz and the corresponding current response is 
used to measure the complex impedance of the SAM.38  Using an appropriate circuit 
model to fit the impedance data provides values for the resistance of the SAM (RSAM) and 
the SAM capacitance (CSAM).  The SAM capacitance is inversely proportional to the 
thickness of the SAM using the equation30 
SAM
0
SAM C
d   
where d is the SAM thickness in Angstroms,  C is the capacitance per area in F m-2,  is 
the dielectric constant of the SAM (measured for CnSH SAMs (n = 16, 18) on gold using 
surface plasmon resonance (2.1)39), and 0 is the permittivity of free space (8.54 10-12 F 
m-1).  Comparing resistance and thickness values of R2DTPA SAMs to analogous RSH 
SAMs provides structural information complementary to that provided by RAIRS and 
contact angle measurements.  A densely-packed, crystalline SAM will have a higher 
resistance than a porous, liquid-like SAM.  For the same alkyl chain length, SAMs that 
are less densely packed with consequently disordered and liquid-like alkyl chains will be 
thinner than densely-packed SAMs in which the alkyl chains are trans-extended and 
crystalline. 
We collected impedance spectra of the series of R2DTPA and analogous RSH SAMs 
using an aqueous K4Fe(CN)6 /K3Fe(CN)6 solution as the redox probe.  Impedance spectra 
in the form of Bode magnitude plots are given in Figure 2.5.  At high frequencies, the 
impedance modulus is independent of frequency; it is the resistance due to the solution.  
As the frequency is decreased, the log of the impedance modulus increases linearly with a 
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slope of -1, indicating that the SAM is a physical dielectric that separates the conductive 
gold substrate from the ionic redox probe.  At low frequencies, the impedance modulus 
corresponds to the resistance the SAM provides against diffusion of the redox probe.  The 
Bode plots of both R2DTPA and RSH SAMs show that this resistance increases as the 
alkyl chain length is increased, and that RSH SAMs are generally more resistive than 
R2DTPA SAMs for a given alkyl chain length.  Representing the EIS data as a Nyquist 
plot is a clear way to determine the presence of diffusion effects, that is, whether defects 
are present in the SAM that permit the diffusion of the redox probe ion through the SAM.  
Nyquist plots of R2DTPA and RSH SAMs are given in Figures S2.2 and S2.3.  The 
Nyquist plots of (C6)2DTPA, (C10)2DTPA, and C6SH SAMs each show a semicircle with 
a 45° Warburg line on the low frequency side.  The presence of the Warburg line 
indicates that these SAMs are populated with defects that permit the redox probe ion to 
diffuse through the SAM to the underlying gold.37  These defects are likely related to the 
loose alkyl group packing detected by RAIRS and contact angle measurements.  As the 
chain length increases, the diameter of the semicircle increases and the Warburg line 
disappears, indicating that the alkyl chains of these SAMs become increasingly densely 
packed, preventing ionic diffusion.  It is notable that the Warburg line disappears for 
RSH SAMs at a shorter alkyl chain length (decyl) than for R2DTPA SAMs (dodecyl), 
consistent with the contact angle data that indicates much lower packing densities of 
short chain (n = 5, 9, 11) R2DTPA SAMs compared to RSH SAMs. 
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Figure 2.5.  Bode plots of (a) [CH3(CH2)n]2DTPA SAMs and (b) (CH3)(CH2)nSH SAMs. 
 
The Randles equivalent circuit that best models the EIS data of the defective 
(C6)2DTPA, (C10)2DTPA, and C6SH SAMs consists of a solution resistance in series with 
a parallel Faradaic impedance and coating capacitance (CSAM).  The Faradaic impedance 
is composed of the charge transfer resistance (RSAM) in series with a Warburg element, a 
circuit element used to model linear diffusion (Figure 2.6a).40  Since EIS spectra of 
R2DTPA and RSH SAMs with longer chains do not show evidence of ionic diffusion 
through the SAM, the equivalent circuit that best models this data is the simple circuit 
shown in Figure 2.6b.41  This circuit only differs from that of Figure 2.6a in its lack of a 
Warburg element.  Fitting the EIS data using the appropriate circuit model provided 
values of RSAM and CSAM.  Plots of RSAM, CSAM, and calculated SAM thickness vs n 
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(Figure 2.7) show that the series of R2DTPA and RSH SAMs follow similar trends: As 
the alkyl chain length increases, the charge-transfer resistance increases and the 
capacitance decreases, corresponding to a gradual increase in the SAM thickness.  
Comparing these values for a given alkyl chain length, however, reveals structural 
differences between RSH and R2DTPA SAMs consistent with the RAIRS and contact 
angle analysis.  SAMs with short alkyl chains (hexyl to dodecyl) exhibit the greatest 
differences.  For these chain lengths, RSAM of R2DTPA SAMs is 1–2 orders of magnitude 
lower than that of RSH SAMs, indicating that the alkyl group packing density of these 
R2DTPA SAMs is markedly lower.  The capacitances of the short-chain R2DTPA SAMs 
are distinctly higher than RSH SAMs, corresponding to R2DTPA SAMs that are 
measurably thinner than their RSH counterparts.  Clearly, the lower packing density of 
alkyl groups in short-chain R2DTPA SAMs causes the alkyl groups to be more 
disordered, leading to thinner SAMs.  Differences in resistance, capacitance, and 
thickness are much less pronounced for SAMs with the two longest alkyl chain lengths, 
tetradecyl and hexadecyl.  The charge-transfer resistance of the (C16)2DTPA SAM is 
measurably lower than that of the C16SH SAM, whereas the charge-transfer resistances of 
(C14)2DTPA and C14SH SAMs are identical within error.  The capacitances of R2DTPA 
and RSH SAMs with hexadecyl and tetradecyl alkyl chains are within error, leading to a 
slight difference in thickness between only the (C14)2DTPA and C14SH SAMs.  For these 
long alkyl chain lengths, the EIS data indicates minimal differences in packing densities, 
consistent with the contact angle analysis. 
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Figure 2.6.  Randles circuit models used to fit raw EIS data.  (a) Circuit model used for 
[CH3(CH2)n]2DTPA (n = 5, 9) and (CH3)(CH2)5SH SAMs; (b) Circuit model used for 
[CH3(CH2)n]2DTPA SAMs (n = 11, 13, 15) and for (CH3)(CH2)nSH SAMs (n = 9, 11, 13, 
15). 
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Figure 2.7.  Plots of (a) resistance, (b) capacitance, and (c) SAM thickness for 
[CH3(CH2)n]2DTPA SAMs (triangles) and (CH3)(CH2)nSH SAMs (circles). 
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2.4. Conclusions 
 
XPS, RAIRS, contact angle, and EIS data provide a detailed picture of their structure 
of R2DTPA SAMs on As-Dep gold.  Regardless of alkyl chain length, the numerous and 
deep grain boundaries of As-Dep gold disrupt chelation of the adsorbates, producing 
SAMs in which roughly 40% of the adsorbates are monodentate.  Unlike bidentate 
adsorbates, monodentate adsorbates can rotate about the Au-S bond, and the Au-S-P bond 
angle is not fixed.  This conformational flexibility enables alkyl group packing in the 
SAM, in accordance with our previous study of (C16)2DTPA SAMs; however, the alkyl 
groups of R2DTPA SAMs are generally less densely packed than RSH SAMs.  Low 
packing densities cause the alkyl chains to be liquid-like and disorganized, particularly 
for the short alkyl chains studied (hexyl, decyl, and dodecyl).  Although the crystallinity 
and packing of R2DTPA SAMs with longer alkyl chains (tetradecyl and hexadecyl) is 
similar to that of analogous RSH SAMs, RAIRS C-H stretching intensities and contact 
angle data detect the slightly lower packing densities of the former SAMs.  The trend in 
packing densities and alkyl group organization for R2DTPA SAMs is similar to that 
exhibited by spiroalkanedithiol SAMs, which are also slightly less densely packed at long 
chain lengths compared to RSH SAMs.11  The sterically bulky chelating headgroups in 
both SAMs likely limit the density of alkyl group packing.  A notable difference between 
these two SAM types, however, is that spiroalkanedithiols form SAMs in which all 
adsorbates chelate to the gold substrate.14  This difference may be due to the higher 
flexibility of the spiroalkanedithiol headgroup compared to the relative rigidity of the 
DPTA headgroup, which makes the former insensitive to the morphology of the As-Dep 
gold surface.  We are currently undertaking a molecular modeling study to determine the 
distance spanned by the DTPA headgroup and its comparison with the Au(111) surface, 
along with a companion study of the structures of R2DTPA SAMs on smooth template-
stripped gold.  These studies will help provide a full understanding of this new class of 
SAMs. 
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2.6. Supporting Information 
 
Materials.  All chemicals were purchased commercially and used as received. 
Anhydrous diethyl ether and toluene were obtained from an Innovative Technologies 
solvent purification system.  Nuclear magnetic resonance (NMR) spectroscopic data were 
obtained and recorded on a Bruker Avance 300 MHz, a Bruker Avance 300 MHz 
Ultrashield, or a Bruker Avance 500 MHz spectrometer at room temperature, and shifts 
are reported in parts per million (ppm).  31P NMR spectra were referenced externally to 
85% H3PO4 (δ = 0 ppm).  1H NMR spectra were referenced to residual proton peaks of 
CDCl3 (δ = 7.27 ppm).  13C NMR spectra were referenced to carbon peaks of CDCl3 (δ = 
77.0 ppm).  Residual peaks are labeled in the spectra as such:  (a) tetrahydrofuran, (b) 
diethyl ether, (c) silicone grease, (d) centre glitch artifact (Department of Chemistry, 
Michigan State University. NMR Artifacts, 
http://www2.chemistry.msu.edu/facilities/nmr/NMR_Artifacts.html (Aug. 10, 2012)), (e) 
methanol, (f) dimethyl sulfoxide. 
Synthesis of Dialkylphosphine Oxides.  A modified synthetic route derived from 
Guoxin, T.; Yongjun, Z.; Jingming, X. Solvent Extr. Ion Exch. 2001, 19, 993 – 1005 was 
used.  Magnesium turnings (2.0 g, 0.082 mol), 30 mL of anhydrous diethyl ether, and a 
Influence of Alkyl Chain Length on the Structure of Dialkyldithiophosphinic Acid Self-
Assembled Monolayers on Gold 
70 
crystal of iodine were added under nitrogen to a 250-mL, three-neck round-bottom flask 
equipped with an addition funnel, a reflux condenser, and a gas adapter.  1 equivalent of  
1-bromoalkane was then added dropwise, with stirring.  After the mixture had refluxed 
overnight, it was cooled to room temperature, and diethylphosphite (2.65 mL, 20.57 
mmol) in 2.5 mL of anhydrous THF was added dropwise. (Note: The addition of 
diethylphosphite is highly exothermic; its addition to the reaction mixture must be done 
with caution.)  The solution was refluxed overnight, cooled to room temperature, and 
then slowly poured with stirring into 40 mL of 3 M hydrochloric acid.  The diethyl ether 
was removed in vacuo, and then 40 mL of chloroform was added.  After separation of the 
chloroform layer from the aqueous phase, the chloroform layer was washed with ∼40 mL 
distilled water three times and dried with anhydrous Na2SO4.  The solvent was 
evaporated in vacuo to yield dialkylphosphine oxide quantitatively.  All R2P(O)H are 
white solids. 
(C6H13)2P(O)H:  31P{1H} NMR (CDCl3, 121 MHz, 298 K): δ 35.7.  1H NMR (CDCl3, 
300 MHz, 298 K): 6.87 (d, |1JP-H| = 448 Hz, 1H, PH), 1.83–1.73 (m, 4H, PCH2), 1.70–
1.54 (m, 4H, PCH2CH2), 1.44–1.40 (m, 4H, PCH2CH2CH2), 1.33–1.28 (m, 8H, CH2), 
0.89 (t, |3JH-H| = 6.69 Hz, 6H, CH3).  13C{1H} NMR (CDCl3, 126 MHz, 298 K): δ 31.2 (s, 
2C, CH2), 30.3 (d, |2JP-C| = 13.6 Hz, 2C, PCH2CH2), 28.2 (d, |1JP-C| = 64.9 Hz, 2C, PCH2), 
22.3 (s, 2C, CH2), 21.7 (s, 2C, CH2), 13.9 (s, 2C, CH3). 
(C10H21)2P(O)H:  31P{1H} NMR (CDCl3, 202 MHz, 298 K): δ 35.7.  1H NMR (CDCl3, 
500 MHz, 298 K): 6.88 (d, |1JP-H| = 441 Hz, 1H, PH), 1.85–1.75 (m, 4H, PCH2), 1.70–
1.55 (m, 4H, PCH2CH2), 1.43–1.42 (m, 4H, PCH2CH2CH2), 1.33–1.26 (m, 24H, CH2), 
0.88 (t, |3JH-H| = 6.75 Hz, 6H, CH3).  13C{1H} NMR (CDCl3, 126 MHz, 298 K): δ 31.9 (s, 
2C, CH2), 30.7 (d, |2JP-C| = 13.2 Hz, 2C, PCH2CH2), 29.5–29.1 (m, 8C, CH2), 28.4 (d, |1JP-
C| = 61.9 Hz, 2C, PCH2), 22.7 (s, 2C, CH2), 21.8 (s, 2C, CH2), 14.1 (s, 2C, CH3). 
(C12H25)2P(O)H:  31P{1H} NMR (CDCl3, 121 MHz, 298 K): δ 35.5.  1H NMR (CDCl3, 
300 MHz, 298 K): 6.89 (d, |1JP-H| = 437 Hz, 1H, PH), 1.80 (m, 4H, PCH2), 1.63 (m, 4H, 
PCH2CH2), 1.42–1.40 (m, 4H, PCH2CH2CH2), 1.26–1.21 (m, 32H, CH2), 0.89 (t, |3JH-H| = 
6.42 Hz, 6H, CH3).  13C{1H} NMR (CDCl3, 75 MHz, 298 K): δ 31.9 (s, 2C, CH2), 30.7 
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(d, |2JP-C| = 18.7 Hz, 2C, PCH2CH2), 29.6–29.1 (m, 12C, CH2), 28.5 (d, |1JP-C| = 13.4 Hz, 
2C, PCH2), 22.7 (s, 2C, CH2), 21.8 (s, 2C, CH2), 14.1 (s, 2C, CH3). 
(C14H29)2P(O)H:  31P{1H} NMR (CDCl3, 121 MHz, 298 K): δ 35.5.  1H NMR (CDCl3, 
300 MHz, 298 K): 6.86 (d, |1JP-H| = 446 Hz, 1H, PH), 1.80–1.66 (m, 4H, PCH2), 1.62–
1.60 (m, 4H, PCH2CH2), 1.42–1.40 (m, 4H, PCH2CH2CH2), 1.26 (m, 40H, CH2), 0.89 (t, 
|3JH-H| = 7.05 Hz, 6H, CH3).  13C{1H} NMR (CDCl3, 75 MHz, 298 K): δ 31.9 (s, 2C, 
CH2), 30.7 (d, |2JP-C| = 16.3 Hz, 2C, PCH2CH2), 29.7–29.1 (m, 18C, CH2), 22.7 (s, 2C, 
CH2), 21.8 (s, 2C, CH2), 14.1 (s, 2C, CH3). 
(C16H33)2P(O)H:  31P{1H} NMR (CDCl3, 121 MHz, 298 K): δ 35.9.  1H NMR (CDCl3, 
300 MHz, 298 K): 6.85 (d, |1JP-H| = 445 Hz, 1H, PH), 1.87–1.69 (m, 4H, PCH2), 1.67–
1.50 (m, 4H, PCH2CH2), 1.43–1.39 (m, 4H, PCH2CH2CH2), 1.25 (m, 48H, CH2), 0.87 (t, 
|3JH-H| = 6.45 Hz, 6H, CH3).  13C{1H} NMR (CDCl3, 75 MHz, 298 K): δ 31.9 (s, 2C, 
CH2), 30.7 (d, |2JP-C| = 13.1 Hz, 2C, PCH2CH2), 29.7–29.1 (m, 22C, CH2), 22.7 (s, 2C, 
CH2), 21.8 (s, 2C, CH2), 14.1 (s, 2C, CH3). 
Synthesis of DTPAs.  Dialkylphosphine oxide (0.5 g) and 3 molar equivalents of 
LiAlH4 were added under nitrogen to a 250-mL, three-neck round-bottom flask equipped 
with a gas adaptor, a reflux condenser, and an addition funnel.  40 mL of anhydrous 
diethyl ether was added dropwise, and the mixture was refluxed overnight.  The mixture 
was cooled to room temperature, and 40 mL of 3 M hydrochloric acid was added 
dropwise (vigorous bubbling occurrs).  After the bubbling had ceases, the aqueous phase 
was separated from the organic phase using a separatory funnel (Note: the phosphine is 
slightly air-sensitive, it can revert back to its oxide form after hours of exposure in the 
atomosphere, especially for short chain phosphines.  The shaking and separating of 
organic and aqueous layers is performed rapidly in the separatory funnel).  The organic 
phase was then poured into a two-neck round bottom flask equipped with a gas adaptor 
and a reflux condenser.  2 molar equivalents of sulfur was then added to the organic 
phase, followed by 40 mL of 3.5 M ammonium hydroxide solution.  The mixture was 
heated to 50°C overnight and then cooled to room temperature.  The organic phase was 
separated from the aqueous phase, acidified by slow addition of 20 mL of 6 M HCl 
solution twice, washed with distilled water three times, and dried over Na2SO4.  The ether 
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was removed by evaporation under a vacuum, and the product was recrystallized from 
ethanol at -20°C.  (C6H13)2P(S)SH and (C10H21)2P(S)SH are yellow oils while 
(C12H25)2P(S)SH, (C14H29)2P(S)SH and (C16H33)2P(S)SH are white solids.  Yields: 
(C6H13)2P(S)SH: 60%, (C10H21)2P(S)SH: 60%, (C12H25)2P(S)SH: 70%, (C14H29)2P(S)SH: 
75%, (C16H33)2P(S)SH: 80%. 
(C6H13)2P(S)SH:  31P{1H} NMR (CDCl3, 121 MHz, 298 K): δ 70.9.  1H NMR (CDCl3, 
500 MHz, 298 K): 2.14–2.08 (m, 4H, PCH2), 1.76–1.68 (m, 4H, PCH2CH2), 1.45–1.39 
(m, 4H, PCH2CH2CH2), 1.32–1.30 (m, 8H, CH2), 0.89 (t, |3JH-H| = 6.86 Hz, 6H, CH3).  
13C{1H} NMR (CDCl3, 126 MHz, 298 K): δ 38.8 (d, |1JP-C| = 50.4 Hz, 2C, PCH2), 31.2 
(s, 2C, CH2), 29.9 (d, |2JP-C| = 17.0 Hz, 2C, PCH2CH2), 22.8 (d, |3JP-C| = 4.41 Hz, 2C, 
PCH2CH2CH2), 22.3 (s, 2C, CH2), 13.9 (s, 2C, CH3). 
 
 
 
Influence of Alkyl Chain Length on the Structure of Dialkyldithiophosphinic Acid Self-
Assembled Monolayers on Gold 
73 
f
b
c
 
 
d
 
 
Influence of Alkyl Chain Length on the Structure of Dialkyldithiophosphinic Acid Self-
Assembled Monolayers on Gold 
74 
(C10H21)2P(S)SH:  31P{1H} NMR (CDCl3, 121 MHz, 298 K): δ 70.8.  1H NMR (CDCl3, 
300 MHz, 298 K): 2.17–2.08 (m, 4H, PCH2), 1.80–1.66 (m, 4H, PCH2CH2), 1.45–1.38 
(m, 4H, PCH2CH2CH2), 1.26 (m, 24H, CH2), 0.88 (t, |3JH-H| = 6.18 Hz, 6H, CH3).  
13C{1H} NMR (CDCl3, 126 MHz, 298 K): δ 38.8 (d, |1JP-C| = 50.3 Hz, 2C, PCH2), 31.8 
(s, 2C, CH2), 30.3 (d, |2JP-C| = 16.9 Hz, 2C, PCH2CH2), 29.5–29.1 (m, 8C, CH2), 22.9 (d, 
|3JP-C| = 4.39 Hz, 2C, PCH2CH2CH2), 22.6 (s, 2C, CH2), 14.0 (s, 2C, CH3). 
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(C12H25)2P(S)SH:  31P{1H} NMR (CDCl3, 121 MHz, 298 K): δ 70.8.  1H NMR (CDCl3, 
300 MHz, 298 K): 2.17–2.02 (m, 4H, PCH2), 1.81–1.67 (m, 4H, PCH2CH2), 1.43–1.39 
(m, 4H, PCH2CH2CH2), 1.26 (m, 32H, CH2), 0.88 (t, |3JH-H| = 6.39 Hz, 6H, CH3).  
13C{1H} NMR (CDCl3, 75.5 MHz, 298 K): δ 38.8 (d, |1JP-C| = 50.3 Hz, 2C, PCH2), 31.9 
(s, 2C, CH2), 30.4 (d, |2JP-C| = 17.3 Hz, 2C, PCH2CH2), 29.6–29.1 (m, 12C, CH2), 23.0 (s, 
2C, CH2), 22.7 (s, 2C, CH2), 14.0 (s, 2C, CH3). 
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(C14H29)2P(S)SH:  31P{1H} NMR (CDCl3, 122 MHz, 298 K): δ 70.8.  1H NMR (CDCl3, 
300 MHz, 298 K): 2.17–2.08 (m, 4H, PCH2), 1.80–1.66 (m, 4H, PCH2CH2), 1.45–1.38 
(m, 4H, PCH2CH2CH2), 1.25 (m, 40H, CH2), 0.88 (t, |3JH-H| = 6.45 Hz, 6H, CH3).  
13C{1H} NMR (CDCl3, 76 MHz, 298 K): δ 38.7 (d, |1JP-C| = 50.5 Hz, 2C, PCH2), 31.8 (s, 
2C, CH2), 30.3 (d, |2JP-C| = 17.6 Hz, 2C, CH2), 29.6–29.0 (m, 16C, CH2), 22.9 (s, 2C, 
CH2), 22.6 (s, 2C, CH2), 14.0 (s, 2C, CH3). 
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(C16H33)2P(S)SH:  31P{1H} NMR (CDCl3, 121 MHz, 298 K): δ 70.6.  1H NMR (CDCl3, 
300 MHz, 298 K): 2.17–2.08 (m, 4H, PCH2), 1.75–1.67 (m, 4H, PCH2CH2), 1.43 (m, 4H, 
PCH2CH2CH2), 1.26 (m, 48H, CH2), 0.88 (t, |3JH-H| = 6.48 Hz, 6H, CH3).  13C{1H} NMR 
(CDCl3, 75.5 MHz, 298 K): δ 38.8 (d, |1JP-C| = 50.1 Hz, 2C, PCH2), 31.9 (s, 2C, CH2), 
30.4 (d, |2JP-C| = 17.3 Hz, 2C, PCH2CH2), 29.7–29.1 (m, 20C, CH2), 23.0 (s, 2C, CH2), 
22.7 (s, 2C, CH2), 14.1 (s, 2C, CH3). 
Melting point ranges:  (C12H33)2P(S)SH: 25–30°C, (C14H33)2P(S)SH: 30–35°C, 
(C16H33)2P(S)SH: 35–40°C.  Anal. Calcd for C32H67PS2:  C, 70.3%; H, 12.4%; P, 11.7%; 
S, 5.7%. Found:  C, 70.9%; H, 12.3%; P, 11.1%; S, 4.8%.  Anal. Calcd for C20H43PS2:  C, 
63.4%; H, 11.5%; P, 16.9%; S, 8.2%. Found:  C, 63.2%; H, 10.8%; P, 16.9%; S, 7.7%.  
Anal. Calcd for C12H27PS2:  C, 54.1%; H, 10.2%; P, 24.1%; S, 11.6%. Found:  C, 56.2%; 
H, 10.2%; P, 20.4%; S, 11.0%. 
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Figure S2.1.  XPS survey spectra of R2DTPA SAMs. 
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Figure S2.2.  Nyquist plots of DTPA SAMs {[(CH3)(CH2)n]2P(S)SH} on gold. 
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Figure S2.3.  Nyquist plots of alkanethiolate SAMs {(CH3)(CH2)nSH} on gold. 
 
Table S2.1.  a H2O and a HD of DTPA {[(CH3)(CH2)n]2P(S)SH} SAMs series.  
n a (H2O) (deg) a (HD) (deg) 
n = 15 106.9 ± 2.3 42.6 ± 1.9 
n = 13 106.0 ± 2.0 43.7 ± 2.1 
n = 11 106.3 ± 1.5 33.8 ± 1.3 
n = 9 104.5 ± 1.9 < 15 
n = 5 102.1 ± 1.7 < 15 
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Table S2.2.  a H2O and a HD of alkanethiolate {(CH3)(CH2)nSH} SAMs series.  
n a (H2O) a (HD) 
n = 15 110.4 ± 1.0 50.3 ± 1.2 
n = 13 111.4 ± 1.0 47.8 ± 0.9 
n = 11 111.5 ± 1.3 47.4 ± 1.0 
n = 9 110.9 ± 0.7 46.0 ± 1.1 
n = 5 101.2 ± 1.1 38.8 ± 0.6 
 
Table S2.3.  Calculated resistance, capacitance and thickness values for DTPA 
{[(CH3)(CH2)n]2P(S)SH} SAMs series. 
n 
Resistance 
( cm2) 
Capacitance 
(F cm-2) 
Thickness 
(Å) 
n = 15 2.32 ± 0.46 × 106 1.26 ± 0.06 14.77 ± 0.76 
n = 13 6.18 ± 3.36 × 106 1.48 ± 0.07 12.62 ± 0.57 
n = 11 1.06 ± 0.37 × 105 2.39 ± 0.19 7.81 ± 0.58 
n = 9 2.60 ± 1.24 × 104 3.31 ± 0.74 5.83 ± 1.32 
n = 5 1.07 ± 0.02 × 103 4.35 ± 0.48 4.31 ± 0.47 
 
Table S2.4.  Calculated resistance, capacitance and thickness values for alkanethiolate 
{(CH3)(CH2)nSH} SAMs series. 
n 
Resistance 
( cm2) 
Capacitance 
(F cm-2) 
Thickness 
(Å) 
n = 15 5.74 ± 1.95 × 106 1.17 ± 0.07 15.97 ± 0.95 
n = 13 7.32 ± 2.71 × 106 1.31 ± 0.05 14.21 ± 0.54 
n = 11 5.82 ± 4.57 × 106 1.49 ± 0.12 12.81 ± 1.01 
n = 9 1.32 ± 0.09 × 106 1.78 ± 0.04 10.45 ± 0.24 
n = 5 2.12 ± 0.76 × 104 2.41 ± 0.19 7.76 ± 0.60 
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3.1. Introduction 
 
The adsorption of chelating molecules onto coinage metals generally results in the 
formation of self-assembled monolayers (SAMs) in which all adsorbate molecules are 
chelated to surface metal atoms.  Examples of such adsorbates include a variety of 
chelating dithiols1-6, trithiols7-13, spiroalkanedithiols10,13-20, dithiocarbamates21-26, and 
dithiocarboxylic acids.27-29  These SAMs are more robust than SAMs derived from 
monodentate adsorbates owing to the chelate effect,30 allowing them to better withstand 
harsh conditions such as elevated temperatures13 and the application of an electric 
potential.31  Dialkyldithiophosphinic acids (R2P(S)SH, R2DTPA) (Figure 3.1a) are a class 
of chelating molecules that are distinct from this group:  Our previous work has shown 
that chelation of these adsorbates to gold surfaces is dependent on the morphology of the 
gold film.32  On gold films prepared by electron-beam evaporation, (As-Dep gold), the 
dense network of grain boundaries with depths ~10 nm disrupts chelation of R2DTPA 
molecules (R = hexyl, decyl, dodecyl, tetradecyl, hexadecyl).33  The resulting SAMs are 
composed of a mixture of monodentate and chelating adsorbates.  Chelation likely occurs 
on the small, atomically flat areas (~50 nm) on the tops of the gold grains.  This 
hypothesis is supported by a study of R2DTPA SAMs formed on smooth, template-
stripped (TS) gold surfaces, which consist of large, flat gold grains (~200–500 nm) 
separated by shallow (~2 nm) grain boundaries.32,34  On TS gold, all R2DTPA adsorbates 
chelate to the surface.  Regardless of the chain length, chelation of R2DTPA molecules is 
disrupted on As-Dep gold and not on TS gold.  The extent of chelation within R2DTPA 
SAMs also affects the organization of the alkyl chains.32,34  R2DTPA adsorbates that 
chelate to the gold surface are anchored at two points, which prevents rotation about the 
Au-S bonds and fixes the Au-S-P bond angles.  For dihexadecyldithiophosphinic acid 
SAMs on TS gold, the tetrahedral geometry at phosphorus prevents the alkyl chains from 
packing closely, inhibiting van der Waals interactions between them and making the 
layer disordered and loosely packed.  In contrast, the monodentate R2DTPA molecules 
present in SAMs on As-Dep gold are anchored by a single point, which imparts 
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conformational flexibility to these adsorbates due to rotation about the Au-S bond and 
small changes in the Au-S-P bond angle.  This conformational freedom allows the 
molecules to pack more densely within the SAM, enabling van der Waals interactions 
between alkyl chains that impart crystallinity to the alkyl layer. 
In this paper, we address a key question:  Why is chelation of R2DTPA adsorbates 
disrupted by the morphology of the gold substrate, while this effect has not been 
observed in SAMs formed from other chelating adsorbates?  One possibility is that the 
steric bulk of the R2DTPA adsorbate due to the tetrahedral geometry at phosphorus 
hinders its ability to chelate in the deep grain boundaries of the As-Dep gold surface.  
This possibility seems unlikely, however, since SAMs formed from a variety of 
spiroalkanedithiols,10,13-20 which have a similar shape, chelate fully to As-Dep gold 
surfaces.  Furthermore, altering the steric demands of the alkyl groups in R2DTPA 
adsorbates by changing the chain length has negligible impact on the percentage of 
chelating adsorbates in the SAM.33,34  There are two other possible reasons for the 
dependence of binding mode of R2DTPA adsorbates on gold morphology:  First, the 
reason could be that the flexibility of the R2DTPA adsorbate limits its ability to chelate 
the As-Dep gold surface.  For example, the S-P-S bite angle may be too constrained to 
allow chelation across the atomic steps that make up the deep grain boundaries on As-
Dep gold.  Second, there could be an electronic effect unique to R2DTPA adsorbates.  To 
determine which factor controls the binding of R2DTPAs, we report new SAMs formed 
from dihexadecyldithiophosphate [(C16)2DDP] (Figure 3.1b) on As-Dep gold, and 
compare their properties with those of (C16)2DTPA SAMs on As-Dep gold.  Both 
R2DTPA and R2DDP molecules with short alkyl substituents (i-Bu2DTPA35-38, i-
Amyl2DDP39 and (p-fluorophenyl)2DDP40) are used industrially as selective collectors for 
the flotation separation of precious metals from sulfide ores, and only differ in the 
presence of oxygen atoms between the alkyl substituents and phosphorus in (C16)2DDP.  
Using a combination of Gaussian 09 electronic structure calculations and X-ray 
photoelectron spectroscopy, we demonstrate that although the optimized structures of the 
two adsorbates are very similar and possess comparable bite angles, (C16)2DDP forms 
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SAMs on As-Dep gold in which all adsorbates chelate to gold.  The difference in the 
percentage of chelated adsorbates in the two SAM types is accompanied by differences in 
the organization of the alkyl chains and the electrochemical barrier properties.  Using 
density functional theory (DFT) calculations, we show that there are only minimal 
differences between the electronic structures of the two molecules, leading us to conclude 
that differences in intermolecular interactions within the SAM are the driving force for 
the difference in chelation between the two adsorbates. 
 
P
S SH
O
P
O
S SH
a) b)
 
Figure 3.1.  Structures of (a) (C16)2DTPA and (b) (C16)2DDP. 
 
3.2. Experimental Section 
 
All chemicals were purchased commercially and used as received.  Anhydrous diethyl 
ether and toluene were obtained from an Innovative Technologies solvent purification 
system.  Nuclear magnetic resonance (NMR) spectroscopic data were obtained and 
recorded on a Bruker Avance 300 MHz or a Bruker Avance 300 MHz Ultrashield at 
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room temperature, and shifts are reported in parts per million (ppm).  31P{1H} NMR 
spectra were referenced externally to 85 % H3PO4 (δ = 0 ppm).  1H NMR spectra were 
referenced to residual proton peaks of CDCl3 (δ = 7.27 ppm).  13C{1H} NMR spectra 
were referenced to CDCl3 (δ = 77.0 ppm). 
(C16)2DDP was synthesized as described by Gümgüm et al, with the exception of 
omitting the microwave irradiation step.41  (C16)2DTPA was synthesized as described by 
Miller et al.32 
 
3.2.1. Synthesis 
 
Synthesis of (C16)2DDP.  (C16)2DDP was synthesized as described by Gümgüm et al41 
with modifications:  The microwave irradiation step was omitted.  Instead, we heated 
excess C16OH to 60°C, to which we added P4S10 slowly over a period of 30 minutes and 
the reaction mixture was left stirring overnight.  (C16)2DDP was synthesized as a white 
solid in 89% yield.  31P, 1H and 13C NMR spectra are provided in the Supporting 
Information (Figure S3.1). 
(C16H33O)2P(S)SH:  31P{1H} NMR (CDCl3, 121 MHz, 298 K): δ 79.6.  1H NMR (CDCl3, 
300 MHz, 298 K): 4.25–4.14 (m, 4H, OCH2), 1.76–1.69 (m, 4H, OCH2CH2), 1.26 (m, 
52H, CH2), 0.87 (t, |3JH-H| = 6.27 Hz, 6H, CH3).  13C{1H} NMR (CDCl3, 126 MHz, 298 
K): δ 69.2 (s, 2C, OCH2), 32.1 (s, 2C, CH2), 29.8–29.4 (m, 22C, CH2), 25.7 (s, 2C, CH2), 
22.8 (s, 2C, CH2), 14.2 (s, 2C, CH3). 
Synthesis of (C16)2DTPA.  (C16)2DTPA was synthesized as described by Miller et 
al.32 
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3.2.2. Gold Substrate Preparation and SAM Formation 
 
Gold films were produced by the deposition of 2 nm of titanium as an adhesion 
promoter onto silicon wafers, followed by 200 nm of gold, using an electron-beam 
evaporator. Approximately 2 cm × 2 cm gold substrates were immersed into a 1 mM 
solution of (C16)2DDP in anhydrous toluene or a 1 mM solution of (C16)2DTPA in 
anhydrous toluene for 24 h. Substrates were then removed from solution, rinsed with 
anhydrous toluene and dried under a stream of nitrogen. 
 
3.2.3. Characterization 
 
X-ray Photoelectron Spectroscopy (XPS).  XPS spectra of (C16)2DDP SAMs were 
collected at Surface Science Western (London, Ontario, Canada) using a Kratos Axis 
Nova X-ray photoelectron spectrometer with a monochromatic Al K source. The 
detection limit of the instrument is 0.1–0.5 at.%. Both survey-scan and high-resolution 
analyses were carried out over a 300 μm × 700 μm scan area. Survey-scan analyses were 
carried out with a pass energy of 160 eV, and high-resolution analyses were carried out 
with a pass energy of 20 eV. Samples were analyzed at a 30° takeoff angle (60° tilt). 
High-resolution sulfur line shapes were fit using two pairs of spin–orbit split components 
(2p3/2 and 2p1/2) assuming a Gaussian/Lorentzian (70%:30%) line shape and a fixed 
splitting energy of 1.18 eV with a 2:1 area ratio.42 
Infrared Spectroscopy.  Reflection–absorption infrared (RAIR) spectra of (C16)2DDP 
SAMs were collected using a Bruker IFS 66/v spectrometer equipped with a mercury 
cadmium telluride (MCT) detector and Harrick Autoseagull accessory.  The p-polarized 
light was incident at 85° from the surface normal, and 1024 scans were collected at a 
resolution of 2 cm–1. 
Contact Angle Measurements.  Advancing water and hexadecane contact angles of 
(C16)2DDP SAMs were measured with a Ramé-Hart contact angle goniometer equipped 
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with a microlitre syringe and a tilting stage.  In each case, at least three drops from each 
of three samples were averaged. 
Electrochemical Impedance Spectroscopy (EIS).  EIS spectra of (C16)2DDP and 
(C16)2DTPA SAMs were collected using a BAS-Zahner IM6 ex impedance unit. A glass 
cell equipped with a calomel/saturated KCl reference electrode and a 1.0-mm Pt wire 
counter electrode was clamped to the working electrode, a 0.95-cm2 area of the SAM on 
gold, and then filled with an aqueous solution of 1 mM K3Fe(CN)6, 1 mM 
K4Fe(CN)6·3H2O, and 10 mM Na2SO4. The measurements were made at an open-circuit 
potential set at ~420 mV with a 5 mV ac perturbation that was controlled from 50 mHz to 
200 kHz. The current response was measured, which is normalized to the area of the 
working electrode. The impedance data was fitted with an appropriate circuit model to 
provide values for the resistance and the capacitance of the SAM. 
Density Functional Theory (DFT) Calculations.  All density functional theory (DFT) 
calculations were performed using the B3PW91 method implemented in the Gaussian 09 
program suite43 using the SHARCNET high-performance computing network 
(www.sharcnet.ca).  Where applicable, the Stuttgart group (SDD) effective core 
potentials (ECP)44,45 and corresponding basis sets were used for gold atoms and the 6-
31+G(d) basis set was used for all lighter atoms in all calculations.  Natural bond order 
(NBO)46 analyses to determine orbital contributions, Wiberg Bond Indices and 
HOMO/LUMO energies were obtained using the NBO routine included in the Gaussian 
distributions.  All stationary points were confirmed to be minima exhibiting no imaginary 
frequencies.  The model anions DDP' and DTPA' were calculated with C2 symmetry. 
Molecular orbital pictures and electrostatic potential plots were calculated using 
Molden.47  Molecular orbital diagrams were generated using POV-Ray for Windows.48  
Proton and gold(I) ion affinities were calculated using energies in the following formula: 
Affinity=
elec
RxnΔE - ΔZPE+5/2RT, where elecRxnΔE  is the change in the electronic energy upon 
reaction (at 298.15K); ΔZPE is the change in zero point energy; R = 8.314 Jmol-1K-1 and 
T = 298.15 K. 
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3.3. Results 
 
3.3.1. SAM Formation 
 
We synthesized (C16)2DDP and (C16)2DTPA according to literature procedures,32,41 
and then prepared SAMs by immersing gold-coated wafers prepared by e-beam 
evaporation into 1 mM solutions of the adsorbates anhydrous toluene for 24 h.  The 
substrates were then removed from solution, rinsed with anhydrous toluene and dried 
under a stream of nitrogen.  To minimize surface contamination, As-Dep gold films were 
used immediately after removal from the e-beam evaporator to form SAMs.  The 
morphology of these gold substrates was identical to the As-Dep gold substrates used in 
our studies of R2DTPA SAMs.32,33  The gold surface consisted of grains with an average 
size of ~50 nm, separated by boundaries as deep as ~10 nm, and had a root-mean-square 
roughness of 27 Å (Figure S3.2). 
 
3.3.2. Binding of (C16)2DDP Headgroups 
 
XPS analysis of (C16)2DDP SAMs indicates that all (C16)2DDP adsorbates chelate to 
the gold substrate, in contrast to (C16)2DTPA SAMs, which contain 40% monodentate 
adsorbates.33  Survey scans of the (C16)2DDP SAM detected carbon, oxygen, phosphorus, 
sulfur and gold, consistent with SAM formation (Figure S3.3).  The HR-XPS S 2p scans 
of (C16)2DDP SAM (Figure 3.2) showed a line shape that we fit using one pair of S 2p3/2 
and S 2p1/2 spin–orbit split components by assuming a Gaussian/Lorentzian (70%:30%) 
line shape and a splitting energy fixed at 1.18 eV.42  The S 2p3/2 peak at 161.7 eV can be 
assigned to a sulfur species chemisorbed to gold.  The presence of only this peak 
indicates that (C16)2DDP adsorbates in the SAM all chelate to the gold surface.  In 
comparison, HR-XPS analysis of the S 2p region of (C16)2DTPA SAMs show two sulfur 
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species (S 2p3/2 binding energies of 161.9 eV and 163.4 eV) which correspond to a SAM 
containing 60% bidentate and 40% monodentate molecules.32,33 
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Figure 3.2.  High-resolution XPS (HR-XPS) spectrum of the S 2p region of the 
(C16)2DDP SAM.  The black line corresponds to the experimental spectrum; the blue 
peaks are the fitted S 2p3/2 and S 2p1/2 spin–orbit split components. 
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3.3.3. Computational Studies of DDP and DTPA Adsorbates 
 
We performed a computational investigation to gain insight into why DDP and DTPA 
adsorbates exhibit different binding modes on gold.  We substituted nBu groups as the 
aliphatic chains in place of C16H33 chains to reduce computational time and cost, and we 
refer to these model compounds as DDP' and DTPA'.  The model structures were 
optimized using the B3PW91 density functional theory (DFT) method with the basis sets 
specified in the Experimental section; pertinent information about the models is presented 
in Table 3.1.  Comparison of the metrical parameters of the optimized structure of the 
two anionic ligands reveals that there is very little difference between the two models.  
For example, the S-P distance of the DTPA' and DDP' ligands are very similar to each 
other (ca. 1.7 % difference) and the S-P-S angles are also very similar (ca. 1.4 % 
difference).  Likewise, the differences between the electronic structure and related 
properties of these two model systems are also nearly identical.  Although the sulfur 
atoms on the DTPA' ligand bear a more negative charge than those of the oxygenated 
DDP' ligand, as one would anticipate, the magnitude of this difference is rather small 
(only ca. 0.05 eV).  The frontier orbital energies for the two anionic models are also quite 
similar: The DDP' ligand has a lower HOMO energy than DTPA' by ca. 0.2 eV and the 
differences between their HOMO-LUMO gaps is only ca. 0.2 eV.  Furthermore, the 
composition and appearance of the frontier orbitals corroborates this interpretation in that 
both the HOMO and LUMO are strikingly similar to each other.  It is worth emphasizing 
that both ligands feature a HOMO with essentially equivalent contributions from both 
sulfur atoms, indicating that both anionic ligands are capable of binding in a bidentate 
fashion. 
Calculations of the proton and gold affinities of the anions show that complexation to 
gold is somewhat more favorable for the DTPA' ligand than for the DDP’ ligand; 
however, the magnitude of the differences in these affinity values calculated for the two 
model ligands is minimal (ca. 20-30 kJ mol-1, corresponding to differences of less than 
2% for the proton affinities and less than 5% for the gold (I) ion affinities).  Although 
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DDP and DTPA ligands can potentially span two gold atoms upon chelation due to the 
S···S distance of ca. 3.5 Å (compared to the Au-Au nearest neighbor distance of 2.9 Å on 
the Au (111) surface),27 we limited our computational studies to the binding of a single 
gold atom because the quasi identical geometries of the DDP and DTPA ligands should 
result in identical interactions on gold surfaces.  The small magnitude of the differences 
between the calculated models suggests that none of them are plausible as the 
determining factor in the different ligand denticities observed experimentally.  More 
importantly, the calculations reveal that the energetic difference between monodentate 
(Mono) binding of a gold(I) ion and the corresponding bidentate (Chelate) binding is 
remarkably small – between 13-20 kJ mol-1 (only 1.7 – 2.6%) in favor of bidentate 
binding – for both model anions.  Such a small difference in relative binding energies 
suggests that low energy interactions between adjacent adsorbates within a SAM (e.g. 
ion-dipole, dipole-dipole, dispersion forces, etc.) may easily influence whether 
monodentate or bidentate binding modes are adopted. 
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Table 3.1.  Selected calculated results for the models of the DTPA' and DDP' ligands.  
Values in parentheses indicate sulfur bound to hydrogen.  Mono vs. chelated describes 
whether the proton/gold atom is bound by one (Mono) or both (Chelated) of the sulfur 
centers. 
 DTPA' DDP' HDTPA' HDDP' 
Optimized 
Structures 
 
HOMO 
 
S-P (Å) 2.01 1.98 1.96, (2.12)[a] 1.96, (2.15)[a] 
S···S (Å) 3.50 3.47 3.46 3.46 
S-P-S (˚) 120.8 122.4 114.8 117.7 
Natural 
Charge 
P 1.12 1.54 1.13 1.62 
S -0.74 -0.69 -0.54, (-0.32) -0.51, (-0.30) 
HOMO (eV) -1.435 -1.668 -6.318 -6.646 
LUMO (eV) 2.656 2.592 -0.849 -0.693 
H-L gap  
(eV) 
4.09 4.26 5.47 5.95 
 Mono Chelated Mono Chelated  
Proton 
Affinity 
(kJ mol-1) 
1334.4 1341.7 1316.3 1321.5 
Gold Affinity 
(kJ mol-1) 
767.1 786.9 741.5 753.7 
[a] Value calculated for the S-P bond of the SH fragment 
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Perhaps expectedly, examination of the protonated variants of the model ligands also 
reveals that the differences between these two neutral compounds are minimal: All of the 
metrical parameters are within 2% of each other.  Interestingly, one substantial difference 
between the two protonated models is observed in the composition of the frontier orbitals.  
In particular, the HOMO for HDTPA' lacks any orbital contribution from the sulfur 
bound to hydrogen, whereas the HOMO in HDDP' still features a contribution from both 
sulfur atoms to the MO.  The corresponding orbital on HDTPA' that does feature a 
contribution from the protonated sulfur center is the HOMO-2 orbital, which is 1.2 eV 
lower in energy.  In spite of this unexpected computational observation, it is unlikely that 
the difference between the protonated models has any relevance to the experimental 
results:  During sample preparation, any compounds that are physisorbed to the gold 
surface are rinsed away.  Accordingly, the HR-XPS analysis of the S 2p region reveals no 
evidence that any protonated ligands remain on the surface. 
Overall, given that the differences between the calculated properties of these two 
ligand models are so small, it is most likely that intermolecular interactions (e.g. chain 
packing, dipole-dipole interactions, etc.) provide the driving force for the observed 
changes in denticity exhibited by the two ligands.  To understand these differences, it is 
necessary to examine and compare the organization of the alkyl chains in (C16)2DDP and 
(C16)2DTPA SAMs on As-Dep gold. 
 
3.3.4. Organization of the Alkyl Chains 
 
Along with differences in headgroup binding, (C16)2DDP and (C16)2DTPA SAMs also 
exhibit differences in the crystallinity and packing of alkyl chains.  Reflection-absorption 
infrared (RAIR) spectra of the methylene C–H stretching region shows the difference in 
the hexadecyl chain crystallinity of (C16)2DDP and (C16)2DTPA SAMs (Figure 3.3).  
Peak positions are summarized in Table 3.2.  The peak positions of as(CH2) and s(CH2) 
of the (C16)2DTPA SAM indicate that the SAM is comprised of crystalline alkyl 
groups,32,33 whereas the as(CH2) peak position of the (C16)2DDP SAM is ~3 cm-1 higher.  
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as(CH2) is a more sensitive indicator of alkyl chain crystallinity than s(CH2),49 thus we 
conclude that the hexadecyl chains of the (C16)2DDP SAM are less crystalline than those 
of the (C16)2DTPA SAM.  Since the liquid-state as(CH2) position has been reported as 
2924 cm-1,49 the difference in alkyl chain crystallinity between the two SAMs is minimal. 
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Figure 3.3.  RAIR spectra of C–H stretches region of (C16)2DTPA (red) and (C16)2DDP 
(blue) SAMs. 
 
Table 3.2.  RAIRS absorption bands and contact angle data of (C16)2DDP and 
(C16)2DTPA SAMs on gold. 
SAM 
as(CH2) 
(cm-1)
s(CH2) 
(cm-1) a(H2O) (°) a(HD) (°) 
(C16)2DDP 2921 2850 110.6 ± 2.5 26.9 ± 2.5 
(C16)2DTPA 2918 2850 106.9 ± 2.3 42.6 ± 1.9 
 
An analysis of contact angles measured on (C16)2DDP and (C16)2DTPA SAMs is 
consistent with slightly looser alkyl group packing on the latter SAM, which supports the 
RAIRS data.  a(H2O) of (C16)2DDP SAMs is within error of (C16)2DTPA SAMs, 
indicating that water drops cannot distinguish differences in alkyl group packing between 
the two SAMs.  Hexadecane (HD), on the other hand, is more sensitive to alkyl chain 
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packing density.  HD interacts with alkyl chains through London dispersion forces, and 
its low surface tension allows it to intercalate between alkyl chains.  The advancing HD 
contact angle, a(HD) of the (C16)2DDP SAM is ~15° lower than that of (C16)2DTPA 
SAM.  The loose alkyl group packing of (C16)2DDP SAM permits HD to penetrate 
between the alkyl chains, whereas the (C16)2DTPA SAM presents a densely packed 
methyl group surface that prevents such intercalation. 
 
3.3.5. Electrochemical Barrier Properties 
 
Electrochemical impedance spectroscopy (EIS) is a sensitive method to probe 
differences in the organization of alkyl chains of SAMs.  The resistance of a SAM to the 
diffusion of a redox probe (an aqueous K4Fe(CN)6/K3Fe(CN)6 solution) to the underlying 
metal surface is strongly correlated to both the packing density and the presence of 
defects in SAMs.50,51  The EIS experiment yields the complex impedance of the SAM by 
applying a sinusoidal ac perturbation and measuring the current response.  Fitting an 
appropriate circuit model to the impedance data yields values for the resistance (RSAM) 
and the capacitance (CSAM) of the SAM. CSAM is inversely proportional to the SAM 
thickness using the equation which is inversely proportional to the SAM thickness (dSAM) 
using the equation 
SAM
0
SAM C
d 
, 
where  is the SAM dielectric constant (as measured for CnSH SAMs (n = 16, 18) on gold 
using surface plasmon resonance to be 2.1) and 0 is the permittivity of free space 
(8.854×10-12 F·m-1). 
The impedance data of (C16)2DDP and (C16)2DTPA SAMs is presented in Figure 3.4 
as Bode magnitude plots and in Figure 3.5 as Nyquist plots.  The low frequency region of 
Figure 3.5 corresponds to the resistance the SAMs provide against diffusion of the redox 
probe, and clearly shows that the loosely-packed alkyl groups of the (C16)2DDP SAM are 
an inferior barrier compared to the densely-packed alkyl groups of the (C16)2DTPA SAM.  
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Furthermore, the Nyquist plot in Figure 3.5a shows the presence of a Warburg line for the 
(C16)2DDP SAM, indicating that the loosely packed alkyl groups of this SAM permit 
diffusion of the redox probe ion through the layer to the underlying gold. The equivalent 
circuit that best models this SAM uses a solution resistance (RSolution) in series with a 
parallel coating capacitance (CSAM) and Faradaic impedance.  The Faradaic impedance is 
composed of the charge transfer resistance of the SAM (RSAM) in series with a Warburg 
element, which models linear diffusion of the redox probe (Figure 3.5b).  In contrast, the 
Nyquist plot of the (C16)2DTPA SAM does not exhibit a Warburg line (Figure 3.5c), 
implying that the densely packed alkyl chains of this SAM form a barrier to diffusion.  
The equivalent circuit that best models the (C16)2DTPA SAM (Figure 3.5d) is the same as 
that of Figure 3.5b but lacks the Warburg element in the Faradaic impedance. 
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Figure 3.4.  EIS Bode plots of (C16)2DTPA (red) and (C16)2DDP SAMs (blue). 
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Figure 3.5.  Nyquist plots of (a) (C16)2DDP SAM and (b) Randles circuit model used to 
fit EIS data of (C16)2DDP SAM; (c) (C16)2DTPA SAM and (d) Randles circuit model 
used to fit EIS data of (C16)2DTPA SAM. 
 
Table 3.3.  Resistance, capacitance and calculated monolayer thickness of (C16)2DDP and 
(C16)2DTPA SAMs 
Adsorbate Resistance ( cm2) Capacitance 
(F cm-2) Thickness (Å)
(C16)2DDP 4.63 ± 1.80 × 10
4 1.50 ± 0.10 12.40 ± 0.80 
(C16)2DTPA 2.32 ± 0.46 × 106 1.26 ± 0.06 14.77 ± 0.76 
 
Table 3.3 summarizes the resistance and capacitance values from the circuit modeling 
and the calculated monolayer thickness of (C16)2DDP and (C16)2DTPA SAMs.  
(C16)2DDP SAMs have a resistance that is two orders of magnitude lower than 
(C16)2DTPA SAMs, consistent with a lower packing density of the hexadecyl chains in 
the former.  The (C16)2DDP SAM is also slightly thinner than (C16)2DTPA SAM, 
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consistent with alkyl groups that are loosely packed and disordered rather than trans-
extended and crystalline.     
 
3.4. Discussion 
 
(C16)2DTPA and the structurally similar adsorbate (C16)2DDP both form stable SAMs 
on As-Dep gold, but with an important difference:  DTPA SAMs are a mixture of 
monodentate and bidentate adsorbates, whereas DDP SAMs consist of only bidentate 
adsorbates.  Our computational study indicates that differences in the geometric and 
electronic properties of DDP and DTPA ligands are not significant enough to account for 
these observed differences in binding.  The energetic difference between monodentate 
and bidentate binding of a gold (I) ion to each ligand is remarkably small, but favors 
chelation for both ligands.  This small energetic difference means that low energy 
interactions between adjacent adsorbates within a SAM may influence whether 
monodentate or bidentate binding modes are adopted.   
The ability of DDP and DTPA adsorbates to chelate to the gold must differ 
specifically at step-edge defects in the deep grain boundaries of As-Dep gold.  It is clear 
that the grain boundaries are the critical sites, because reducing the depth of these grain 
boundaries (in TS gold), allows R2DTPAs to form SAMs in which all adsorbates chelate 
to the surface.34  We propose that the P-O-C ether linkages in (C16)2DDP impart greater 
conformational flexibility to the pendant alkyl groups than the P-C bonds of (C16)2DTPA, 
and that this difference in flexibility explains the difference in the ability of these 
adsorbates to chelate in the constrained spaces of the deep, narrow grain boundaries of 
As-Dep gold.  The flexibility of (C16)2DDP pendant groups allows these adsorbates to 
adopt a conformation that permits the headgroup to chelate in grain boundaries.  It is 
interesting that synchrotron XPS studies of the iso-amyl derivative of DDP (i-
Amyl2DDP) show a mixture of monodentate and bidentate adsorbates.39  The steric bulk 
of the branched iso-amyl groups likely prevents these molecules from chelating in grain 
boundaries, regardless of their flexibility.  The more rigid (C16)2DTPA molecules also 
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cannot adopt a conformation to allow chelation at the constrained morphology at grain 
boundaries.  Instead, monodentate binding imparts the conformational flexibility 
necessary for the molecules to bind at grain boundaries by allowing rotation about the 
Au-S bond and small changes in the Au-S-P bond angle.     
The difference in chelation of DDP and DTPA headgroups at grain boundaries also 
brings consequences for the alkyl chain packing within the SAM according to RAIRS, 
contact angle measurements, and EIS.  We have previously shown that chelation of 
(C16)2DTPA adsorbates in SAMs on TS gold prevents the alkyl chains from packing 
closely.32  Anchoring all of the adsorbates at two points prevents rotation about the Au-S 
bonds and fixes the Au-S-P bond angles.  This rigidity, combined with the tetrahedral 
geometry at phosphorus, inhibits extensive van der Waals interactions between alkyl 
chains and makes the alkyl layer disordered and loosely packed.  The exclusive bidentate 
binding of (C16)2DDP molecules on As-Dep gold also reduces alkyl chain crystallinity; 
however, the layer is less disordered and liquid-like compared to (C16)2DTPA SAMs on 
TS gold.32  An explanation for this observation centers on a combination of packing 
density and pendant group flexibility in the DDP SAM:  The surface roughness of As-
Dep gold gives it a higher surface area compared to TS gold.  The higher molecular 
packing density that can be accommodated by As-Dep gold combined with the greater 
flexibility of the DDP pendant groups leads to alkyl groups that are less liquid-like than 
analogous (C16)2DTPA SAMs on flat TS gold.  The DDP alkyl groups are, however, still 
not as crystalline as those of the (C16)2DTPA SAM on As-Dep gold.  The loss of 
chelation of (C16)2DTPA adsorbates in grain boundaries is compensated by denser alkyl 
chain packing brought on by the flexibility of the monodentate adsorbates.  The increase 
in van der Waals interactions between adjacent chains enables them to be trans extended 
and crystalline. 
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3.5. Conclusion 
 
SAMs with chelating head groups are an important SAM subclass due to the 
enhanced stability and electronic coupling to the underlying metal caused by chelation.  
Understanding the relationship between metal substrate morphology and chelation is an 
important aspect of research in this area.  The work presented here provides insight into 
why chelation of R2DTPA molecules is disrupted by the deep, numerous grain 
boundaries of As-Dep gold substrates.  By comparing (C16)2DTPA SAMs to those of the 
structurally similar (C16)2DDP, we have determined that the differences in chelation for 
these two adsorbates is not due to differences in the geometric and electronic properties 
of the headgroups; rather, it is the greater flexibility of the pendant groups imparted by 
the ether linkage that allows (C16)2DDP molecules to chelate in the constrained spaces of 
grain boundaries on As-Dep gold.  (C16)2DTPA molecules cannot adopt a conformation 
to allow chelation at these sites, instead adopting monodentate binding. 
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Figure S3.1.  31P, 1H and 13C NMR spectra of (C16)2DDP. 
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Figure S3.2.  AFM image of As-Dep gold. 
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Figure S3.3.  Survey scans of (C16)2DDP and (C16)2DTPA SAMs. 
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All density functional theory (DFT) calculations were performed using the B3PW91 
method using the Gaussian 09 suites1 using the SHARCNET high-performance 
computing network (www.sharcnet.ca).  Where applicable, the Stuttgart group (SDD) 
effective core potentials (ECP)2,3 and corresponding basis sets were used for gold atoms 
and the 6-31+G(d) basis set was used for all lighter atoms.  Natural bond order (NBO)4 
analyses to determine orbital contributions, Wiberg Bond Indicies and HOMO/LUMO 
energies were obtained using the routine included in the Gaussian distributions.  All 
stationary points were confirmed to be minima exhibiting no imaginary frequencies.  The 
anions DDP and DTPA were calculated with C2 symmetry.  Molecular orbital pictures 
and electrostatic potential plots were calculated using Molden.5  Molecular orbital 
diagrams were generated using POV-Ray for Windows.6  Proton and gold(I) ion affinities 
were calculated using energies in the following formula:  Affinity=
elec
RxnΔE -ΔZPE+5/2RT, 
where 
elec
RxnΔE  is the change in the electronic energy upon reaction (at 298.15K); ΔZPE is 
the change in zero point energy; R=8.314 J/molK and T=298.15K. 
 
Exo AuDDP 
1\1\GINC-ORC111\FOpt\RB3PW91\Gen\C8H18Au1O2P1S2\ALLANC\10-Sep-
2012\0\\#B3PW91/gen pseudo=read opt freq pop=(full,nboread) test\\Optimization and 
Freq Calc on AuDDP_away\\0,1\P,0.0128238521,-0.059700891,-0.0723504723\S,-
0.0498820478,-0.0825797308,1.8613824344\S,1.9994013624,-0.1057794405,-
0.693172403\C,-0.9546289807,1.504657539,-
2.0477749194\H,0.0217756508,1.6783672569,-2.5223596981\H,-
1.414064875,0.6245290724,-2.5156218259\C,-1.8461766176,2.7268078176,-
2.1786394731\H,-1.3736373317,3.5653813371,-1.6510174577\H,-
2.798188672,2.5288806829,-1.6684632971\C,-2.1011756746,3.1012823452,-
3.6403934648\H,-2.5553650997,2.2482912375,-4.1656225769\C,-1.936123724,-
1.8417483161,-0.4510977011\H,-1.9744879332,-1.8493749475,0.6447060496\H,-
2.7349203344,-1.1857064014,-0.8212238034\C,-2.0634163753,-3.2435229313,-
1.0171720678\H,-1.9553217745,-3.2006432677,-2.1097529088\H,-1.2305549702,-
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3.8510687583,-0.6398670997\C,-3.3983541091,-3.895949847,-0.6504656491\H,-
4.2263792143,-3.2734147843,-1.0193818271\H,-3.5025911538,-
3.9277074317,0.4432756219\H,-1.1420955818,3.2954222153,-4.141794619\C,-
3.0056173592,4.3243845746,-3.7853871463\H,-2.5631310344,5.2039550257,-
3.3019163989\H,-3.1736569574,4.5723926299,-4.8397878827\H,-
3.9851617861,4.150103186,-3.323252628\C,-3.5359385504,-5.3091653628,-
1.2150039058\H,-2.7420689274,-5.965525912,-0.8377349961\H,-4.4975725427,-
5.756300156,-0.9378673314\H,-3.4723646665,-5.3074469267,-2.3104070658\O,-
0.7476970262,1.2494700642,-0.6494398549\O,-0.6635359228,-1.3018864494,-
0.8732992854\Au,1.9538774626,-0.4211160201,-2.9584066634\\Version=AM64L-
G09RevC.01\State=1-A\HF=-1739.4662317\RMSD=2.983e-09\RMSF=2.789e-
06\Dipole=-0.8901846,-0.3309729,-2.4645774\Quadrupole=3.8306498,2.8155973,-
6.6462471,1.4092218,-3.8512978,-4.1343245\PG=C01 [X(C8H18Au1O2P1S2)]\\@ 
 
Chelated AuDDP 
1\1\GINC-ORC122\FOpt\RB3PW91\Gen\C8H18Au1O2P1S2\ALLANC\10-Sep-
2012\0\\#B3PW91/gen pseudo=read opt freq pop=(full,nboread) test\\Optimization and 
Freq Calc on AuDDP_close\\0,1\P,0.1250332554,-0.0344046371,-
0.1123069189\S,0.3419685377,0.0439159796,1.9109276925\S,1.8525048185,-
0.143584669,-1.1850258047\C,-1.0432498345,1.5772585086,-1.8826593618\H,-
0.097616886,1.5853017837,-2.4399520839\H,-1.6866164021,0.7931403565,-
2.3018931733\C,-1.7221897078,2.9329004242,-1.9303526114\H,-
1.0555675163,3.6779646173,-1.4770459542\H,-2.6290872633,2.9008736049,-
1.3117054612\C,-2.0781472195,3.3457343404,-3.3606690433\H,-
2.735084597,2.5867622583,-3.809614704\C,-2.0301471523,-
1.5934505991,0.033371518\H,-1.8896669331,-1.6179932951,1.121732536\H,-
2.7360829604,-0.788359209,-0.2074694066\C,-2.518724383,-2.9310869131,-
0.4891561495\H,-2.5862202757,-2.8843932525,-1.584362861\H,-1.770762552,-
3.6981974363,-0.2502268882\C,-3.8763607373,-3.3167063116,0.1033372388\H,-
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4.6146312045,-2.5360991401,-0.1306833227\H,-3.8024748903,-
3.3497660587,1.1996037482\H,-1.1667939835,3.3642041464,-3.9750333315\C,-
2.7621181148,4.7105930317,-3.4252264752\H,-2.1146363846,5.4983237082,-
3.0208334351\H,-3.0116124577,4.9815140256,-4.4575915734\H,-
3.6928157606,4.7156584052,-2.8443652033\C,-4.381432351,-4.6633655177,-
0.4126481034\H,-3.6848995348,-5.4719315473,-0.1589815322\H,-5.3561506021,-
4.9147762256,0.0211038776\H,-4.4941408584,-4.6529675578,-1.5038914563\O,-
0.7619830675,1.2631527488,-0.5002226456\O,-0.7588064158,-1.3038639499,-
0.5900642552\Au,2.7514407839,-0.0763516292,1.1718591338\\Version=AM64L-
G09RevC.01\State=1-A\HF=-1739.470882\RMSD=8.557e-09\RMSF=4.746e-
06\Dipole=-0.8764172,0.0137538,-0.428224\Quadrupole=6.1672062,-1.7939186,-
4.3732875,2.1832848,6.6493143,-4.8320796\PG=C01 [X(C8H18Au1O2P1S2)]\\@ 
 
Exo AuDTPA 
1\1\GINC-ORC111\FOpt\RB3PW91\Gen\C8H18Au1P1S2\ALLANC\10-Sep-
2012\0\\#B3PW91/gen pseudo=read opt freq pop=(full,nboread) test\\Optimization and 
Freq Calc on AuDTPA_away\\0,1\P,-0.0748128445,-0.0880195797,-
0.1684859456\S,0.2343328909,-0.0095989619,1.9169591928\S,1.725936789,-
0.1176594821,-0.9595121101\C,-1.0931432542,1.3720550537,-0.6297987993\H,-
2.0370289059,1.3211386812,-0.0706500417\H,-0.5385124077,2.2394226354,-
0.2504990719\C,-1.3397808432,1.5022157955,-2.1344894021\H,-
0.3777595981,1.4590150253,-2.6617490345\H,-1.933666515,0.6500146421,-
2.4952240497\C,-2.0635203094,2.8050889857,-2.4897792919\H,-
1.4621096696,3.6559012753,-2.1400888824\H,-3.0158867305,2.8563972664,-
1.9421603975\C,-2.3262654836,2.9459195119,-3.9879733226\H,-
1.3889960509,2.9317194116,-4.5576024258\H,-2.9539400293,2.126772773,-
4.3612312413\C,-1.0443439446,-1.5905766589,-0.6061083941\H,-0.456854954,-
2.4295769623,-0.2125467146\H,-0.9723909058,-1.6498723207,-1.7012487931\C,-
2.5015070498,-1.6766794761,-0.1551443518\H,-2.5581681774,-
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1.564936376,0.9383020856\H,-3.0811013068,-0.8474500954,-0.5846190765\C,-
3.1529748353,-3.0033958943,-0.5594958184\H,-3.0832290985,-3.1240445,-
1.6499447808\H,-2.5807755373,-3.8334754433,-0.1223479647\C,-4.614551668,-
3.1032274351,-0.1263381398\H,-5.2192125496,-2.3057944123,-0.5766345146\H,-
5.0530872575,-4.061698205,-0.427059803\H,-4.7130709435,-
3.0207304312,0.9633627521\H,-2.8395971166,3.8877067238,-4.2142537513\Au,-
1.8000464178,0.1959078091,2.9448231962\\Version=AM64L-G09RevC.01\State=1-
A\HF=-1589.0627184\RMSD=7.413e-09\RMSF=7.459e-06\Dipole=-
2.5784388,0.0557163,0.2010296\Quadrupole=-
9.2276386,4.6045619,4.6230767,1.0052777,2.2957482,-
0.4602436\PG=C01[X(C8H18Au1P1S2)]\\@ 
 
Chelated AuDTPA 
1\1\GINC-ORC106\FOpt\RB3PW91\Gen\C8H18Au1P1S2\ALLANC\10-Sep-
2012\0\\#B3PW91/gen pseudo=read opt freq pop=(full,nboread) test\\Optimization and 
Freq Calc on AuDTPA_close\\0,1\P,-0.1599121236,0.0753701237,0.1478225605\S,-
0.0875169643,0.1084602001,2.2066009357\S,1.7152494361,0.0908945612,-
0.7077814847\C,-1.1230197617,1.5318254426,-0.4265430066\H,-
2.0868845666,1.5063637744,0.0991251224\H,-0.5753551508,2.4020054215,-
0.0434743277\C,-1.3106308865,1.6273727143,-1.9425146868\H,-
0.3291242085,1.5767361094,-2.4333914964\H,-1.8882910765,0.7658613176,-
2.3060100645\C,-2.0220243481,2.9185023926,-2.3577338765\H,-
1.4423248072,3.7798201357,-1.9973131853\H,-2.999290648,2.9745940071,-
1.8569237669\C,-2.2138102456,3.0269407324,-3.8696150906\H,-
1.2505733889,3.0098140342,-4.3943396212\H,-2.8170181016,2.1955733005,-
4.2558019758\C,-1.0479345809,-1.4274928725,-0.4292553505\H,-0.4404581047,-
2.2663714197,-0.0664770766\H,-0.9793856377,-1.4386591633,-1.5254531423\C,-
2.4962890481,-1.5565875524,0.0457263243\H,-2.5320568147,-
1.4566828525,1.1391044247\H,-3.1020068689,-0.7369484321,-0.3662826273\C,-
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3.1197095092,-2.8944321931,-0.3654484351\H,-3.0527828032,-3.0077196686,-
1.4570848641\H,-2.527362586,-3.7138585146,0.0651138078\C,-4.5763754366,-
3.028972788,0.0745467528\H,-5.2001145512,-2.2420707505,-0.3680520724\H,-
4.9949200314,-3.9951543631,-0.2301716298\H,-4.6710835353,-
2.953923611,1.1648609612\H,-2.722919791,3.9594669569,-
4.1393001625\Au,2.3745120031,-0.1719085674,1.7098730955\\Version=AM64L-
G09RevC.01\State=1-A\HF=-1589.0702359\RMSD=5.687e-09\RMSF=1.192e-
05\Dipole=-0.955068,-0.1024169,-0.5978847\Quadrupole=3.1850805,0.6859454,-
3.8710258,-0.0984813,7.2261116,-1.7580033\PG=C01 [X(C8H18Au1P1S2)]\\@ 
 
Exo HDDP 
1\1\GINC-ORC71\FOpt\RB3PW91\6-31+G(d)\C8H19O2P1S2\ALLANC\05-Sep-
2012\0\\#B3PW91/6-31+G(d) opt freq pop=(full,nboread) test\\Optimization and Freq 
Calc on 
HDDP_away\\0,1\P,0.0099845513,0.05051041,0.1301788003\S,0.2591355546,0.091424
6727,2.0372364999\S,1.7882938368,-0.2457403912,-0.9662331255\C,-
0.9447738129,1.6652448856,-1.7947954492\H,0.0155519988,1.7417816656,-
2.32153709\H,-1.5110819817,0.8254053746,-2.2177583571\C,-
1.7238753514,2.9630483253,-1.901970198\H,-1.1412843279,3.7631057674,-
1.4273534417\H,-2.6552294499,2.8674614077,-1.3284193966\C,-
2.0365671761,3.3298013026,-3.3545483304\H,-2.6056313146,2.5152499792,-
3.8257515243\C,-2.1432591234,-1.521974556,0.0906633748\H,-1.9996043962,-
1.5938440717,1.1750413211\H,-2.8853130328,-0.7387777868,-0.1105281299\C,-
2.5680158431,-2.85289753,-0.4994732818\H,-2.6398942178,-2.7565406207,-
1.5914084355\H,-1.7850581978,-3.5950872516,-0.2964710322\C,-3.9057196803,-
3.3309363691,0.0703951109\H,-4.6791469824,-2.573855673,-0.1234160196\H,-
3.8284444448,-3.4171772446,1.1632916571\H,-1.0987788325,3.4167695123,-
3.9216964974\C,-2.824616164,4.6331167717,-3.4748796923\H,-
2.266410238,5.4748790507,-3.0472613281\H,-3.0385803452,4.8726646288,-
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4.5227153433\H,-3.782773264,4.56736716,-2.9449147622\C,-4.3492038375,-
4.6705134643,-0.5154113736\H,-3.6156622162,-5.4582295251,-0.3044533557\H,-
5.3099165907,-4.9891723928,-0.0951746807\H,-4.4655731827,-4.6083758326,-
1.6045332518\O,-0.6854243874,1.4128233833,-0.4006685616\O,-0.8888777097,-
1.1384831997,-0.5208732539\H,1.1755927582,-0.6990483957,-
2.0812468294\\Version=AM64L-G09RevC.01\State=1-A\HF=-
1604.2407214\RMSD=6.636e-09\RMSF=4.047e-06\Dipole=-1.2772529,-0.2098232,-
1.7328494\Quadrupole=-1.1052451,3.7115142,-2.6062691,1.6104381,-4.9437583,-
3.8077139\PG=C01 [X(C8H19O2P1S2)]\\@ 
 
Chelated HDDP 
1\1\GINC-ORC138\FOpt\RB3PW91\6-31+G(d)\C8H19O2P1S2\ALLANC\05-Sep-
2012\0\\#B3PW91/6-31+G(d) opt freq pop=(full,nboread) test\\Optimization and Freq 
Calc on HDDP_close\\0,1\P,-0.3676303092,0.0358291129,0.048477542\S,-
0.1316237433,0.0256321365,1.9611925081\S,1.2922221216,-0.5018940231,-
1.1492276762\C,-1.2291800759,1.7407919254,-1.8404943124\H,-
0.3965899301,1.4458594349,-2.4916939108\H,-2.1009247392,1.1257803428,-
2.0934281703\C,-1.5367412764,3.2204595417,-1.973916876\H,-
0.6501789072,3.7956679164,-1.6761223443\H,-2.335160989,3.4829535697,-
1.2674107117\C,-1.9515466195,3.5955382983,-3.3983779765\H,-
2.8324885559,3.0066188262,-3.6919658049\C,-2.4801714912,-
1.6434734299,0.1047550543\H,-2.2437633496,-1.6452746494,1.1747111823\H,-
3.3765961686,-1.0316770584,-0.0537834496\C,-2.6677951145,-3.0521094363,-
0.4253884477\H,-2.8199084498,-3.0092190237,-1.5124133999\H,-1.7429800577,-
3.6189552287,-0.25616427\C,-3.8487590096,-3.7639886965,0.2385813827\H,-
4.7680615573,-3.1839797714,0.0729202631\H,-3.6958572377,-
3.792169315,1.3267808561\H,-1.1509425224,3.3189091167,-4.0992204144\C,-
2.2645700727,5.08351974,-3.5471866917\H,-1.3928138577,5.6995709308,-
3.2945561013\H,-2.5583983756,5.3272409165,-4.5745821644\H,-
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3.0857672031,5.3844419902,-2.8850449769\C,-4.0462638555,-5.1862866571,-
0.2832449224\H,-3.1563335491,-5.8017463261,-0.1034134332\H,-4.8945654027,-
5.6753418207,0.209136048\H,-4.2399679335,-5.1901558427,-1.3630222129\O,-
0.863641164,1.4847783016,-0.4672689876\O,-1.3925476365,-1.0243538836,-
0.6189372165\H,2.1240508624,0.3470330564,-0.5114395301\\Version=AM64L-
G09RevC.01\State=1-A\HF=-1604.2428476\RMSD=6.306e-09\RMSF=3.510e-
06\Dipole=-0.8104176,0.0477961,-1.2193422\Quadrupole=2.9089518,3.0260821,-
5.935034,3.7186939,-2.4667795,-4.7754773\PG=C01 [X(C8H19O2P1S2)]\\@ 
 
Exo HDTPA 
1\1\GINC-ORC49\FOpt\RB3PW91\6-31+G(d)\C8H19P1S2\ALLANC\05-Sep-
2012\0\\#B3PW91/6-31+G(d) opt freq pop=(full,nboread) test\\Optimization and Freq 
Calc on HDTPA_away\\0,1\P,0.0201313373,-0.0174518326,-
0.1078204941\S,0.1005232983,0.0372218145,2.0283286687\S,1.8204756369,-
0.0397178588,-0.8686630489\C,-0.9981142891,1.4506322983,-0.5485935097\H,-
1.9365556936,1.413349078,0.0211215972\H,-0.429907743,2.3134544896,-
0.1791805961\C,-1.2669300595,1.5836878986,-2.0498221108\H,-
0.3150633449,1.5200691184,-2.5926799865\H,-1.8837738823,0.7426707191,-
2.3970189282\C,-1.9697706534,2.8991462154,-2.3972018955\H,-
1.3432053114,3.7387481588,-2.0653116348\H,-2.9096352722,2.9741563666,-
1.8311885118\C,-2.2598244669,3.0359627721,-3.8907905498\H,-
1.335486337,2.9956476066,-4.4798443497\H,-2.9145594203,2.2297736322,-
4.2448461908\C,-0.9668782303,-1.5082470201,-0.5466866034\H,-0.3630826176,-
2.3565768891,-0.200920298\H,-0.9492944553,-1.5428448094,-1.644753861\C,-
2.3995605844,-1.6035139531,-0.0200317651\H,-2.4000536907,-
1.5487428872,1.0773843885\H,-2.9952296913,-0.7529822876,-0.3800423751\C,-
3.0853434798,-2.9051468509,-0.4477632\H,-3.0792581613,-2.9743672256,-
1.5446406442\H,-2.496480756,-3.7582304837,-0.0833130289\C,-4.5202314139,-
3.0149266834,0.0646232678\H,-5.1423181792,-2.1934157237,-0.3124213655\H,-
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4.9843743938,-3.9550586245,-0.2543902831\H,-4.5557523417,-
2.9829423857,1.1607199216\H,-2.7551941415,3.987989473,-4.113465424\H,-
1.2284263674,0.1731314274,2.2413387733\\Version=AM64L-G09RevC.01\State=1-
A\HF=-1453.8346017\RMSD=8.369e-09\RMSF=7.896e-06\Dipole=-
2.2673439,0.0111243,-0.0932624\Quadrupole=-
7.3773593,5.5202157,1.8571436,0.835391,-1.4357969,-0.925682\PG=C01 
[X(C8H19P1S2)]\\@ 
 
Chelated HDTPA 
1\1\GINC-ORC87\FOpt\RB3PW91\6-31+G(d)\C8H19P1S2\ALLANC\05-Sep-
2012\0\\#B3PW91/6-31+G(d) opt freq pop=(full,nboread) test\\Optimization and Freq 
Calc on HDTPA_close\\0,1\P,0.0262162534,0.0213219154,-0.0883828144\S,-
0.0783186151,0.1380168385,2.0517210615\S,1.8415908993,-0.0070389853,-
0.8215096531\C,-0.9883452656,1.4862158226,-0.5390195811\H,-
1.9217874276,1.4541958076,0.0396923222\H,-0.4169925355,2.3525002626,-
0.183205654\C,-1.2694149517,1.6026047959,-2.0389371319\H,-
0.3217480791,1.5424978048,-2.5897726625\H,-1.8820274456,0.7538390951,-
2.3742738614\C,-1.986623317,2.9087279821,-2.3920100789\H,-
1.3651528043,3.7569716377,-2.0726621273\H,-2.9220435091,2.9798667947,-
1.8183576374\C,-2.2910893143,3.0301708972,-3.8840079884\H,-
1.3718521122,2.9931938173,-4.4812828949\H,-2.9417420922,2.215166196,-
4.2251843896\C,-0.9521117922,-1.4707742311,-0.5427426505\H,-0.3616463435,-
2.3205022184,-0.1765121689\H,-0.9138058034,-1.5188088701,-1.6394525091\C,-
2.3922623482,-1.5450155687,-0.0332015021\H,-2.4061534916,-
1.420582469,1.0578742571\H,-2.9849852245,-0.7201098864,-0.4527402247\C,-
3.0641680049,-2.8729148782,-0.396936508\H,-3.0386873085,-3.0076985971,-
1.4876052842\H,-2.4789531418,-3.7004526419,0.0279301461\C,-4.5074217037,-
2.959847344,0.0963072235\H,-5.125971107,-2.1646554169,-0.3385448746\H,-
4.9626723979,-3.9193233427,-0.1747187636\H,-4.5612654563,-
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2.8628310877,1.1877198925\H,-2.7971516696,3.9757223191,-
4.1102098095\H,1.14222493,-0.406607698,2.2202525418\\Version=AM64L-
G09RevC.01\State=1-A\HF=-1453.8373907\RMSD=5.333e-09\RMSF=7.377e-
06\Dipole=-1.6083544,-0.1443395,-0.0749362\Quadrupole=-
5.8986653,4.8194192,1.079246,-0.2689254,2.9274056,-2.2877574\PG=C01 
[X(C8H19P1S2)]\\@ 
 
DDP anion 
1\1\GINC-ORC296\FOpt\RB3PW91\6-31+G(d)\C8H18O2P1S2(1-)\ALLANC\04-Sep-
2012\0\\#B3PW91/6-31+G(d) opt freq pop=(full,nboread) test\\Optimization and Freq 
Calc on on DDP_c2\\-1,1\P,-0.268183837,0.,-0.1896346097\S,- 
0.4747226208,0.316887038,1.753512977\S,1.4949870155,-0.316887038,-
1.0320771049\C,-1.0757951216,1.3774168882,-2.342746156\H,-
0.0783962861,1.1373845685,-2.7372259123\H,-1.7871907517,0.6499072119,-
2.7662542593\C,-1.4792604256,2.7967482168,-2.7145281315\H,-
0.7545215993,3.4913992108,-2.2684698306\H,-2.4531424354,3.0246708598,-
2.2576779081\C,-1.5500287891,3.0123512583,-4.2267566247\H,-
2.2671001409,2.3022714353,-4.6654460367\C,-2.567360632,-1.377416888,-
0.2333539821\H,-2.6068134344,-1.1373845684,0.8384959102\H,-3.2037797776,-
0.6499072116,-0.7628948465\C,-3.0523684749,-2.7967482165,-0.4898173936\H,-
2.9462732903,-3.0246708595,-1.5602855657\H,-2.3902410669,-
3.4913992106,0.0447868242\C,-4.5017006257,-3.0123512579,-0.0524622822\H,-
5.1543247536,-2.3022714348,-0.582293832\H,-4.5989545494,-
2.7739444937,1.0165908973\H,-0.5745337602,2.7739444941,-4.6747995632\C,-
1.9502009705,4.4365303108,-4.6113884401\H,-1.2317525066,5.1677145619,-
4.2189005589\H,-1.9952971277,4.564591126,-5.7008014074\H,-
2.9363854326,4.6943955772,-4.2035142029\C,-4.9977257061,-4.4365303103,-
0.301537628\H,-4.3882017618,-5.1677145615,0.2449927859\H,-6.0398661542,-
4.5645911254,0.0190829631\H,-4.9419063416,-4.6943955767,-1.3672793345\O,-
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1.067799636,1.2706276823,-0.9258784589\O,-1.2288597946,-1.2706276821,-
0.6981049985\\Version=AM64L-G09RevC.01\State=1-A\HF=-
1603.7322888\RMSD=2.854e-09\RMSF=2.243e-06\Dipole=-3.4140553,0.,-
2.4141017\Quadrupole=-4.8396137,5.9932759,-1.1536622,1.321883,-5.2127225,-
1.8694248\PG=C02 [C2(P1),X(C8H18O2S2)]\\@ 
 
DTPA anion 
1\1\GINC-ORC8\FOpt\RB3PW91\6-31+G(d)\C8H18P1S2(1-)\ALLANC\04-Sep-
2012\0\\#B3PW91/6-31+G(d) opt freq pop=(full,nboread) test\\Optimization and Freq 
Calc on on DTPA_c2\\-1,1\P,0.079319244,0.0000000001,0.0560871753\S,-
0.1171018699,0.1071049469,2.0576748844\S,1.900960529,-0.1071049468,-
0.7962963298\C,-0.8301693302,1.4612649541,-0.6556727347\H,-
1.8215151059,1.4858190912,-0.1829297139\H,-0.2768464457,2.3291123222,-
0.2732001863\C,-0.9308191088,1.5206734232,-
2.1780725467\H,0.0708297032,1.3641599738,-2.6013237068\H,-
1.5568399441,0.6930209326,-2.5453330957\C,-1.5102532409,2.843650428,-
2.6873870157\H,-0.8704584598,3.6697109008,-2.3440727714\H,-
2.4975441234,3.013832448,-2.231494147\C,-1.6374568496,2.8975661826,-
4.2102275665\H,-0.6607406976,2.7581184796,-4.6911052702\H,-
2.3006575764,2.1039335419,-4.5794628805\C,-0.8948972927,-1.4612649539,-
0.5641335723\H,-0.3498577544,-2.3291123221,-0.1699466034\H,-0.7796394902,-
1.4858190911,-1.6563643399\C,-2.3637795265,-1.520673423,-0.1515604896\H,-
2.4289416098,-1.3641599737,0.9338867868\H,-2.9187097046,-0.6930209324,-
0.6193584103\C,-3.0371105236,-2.8436504278,-0.5280847386\H,-2.9363875658,-
3.0138324479,-1.6108757989\H,-2.5001658229,-3.6697109007,-0.0393185158\C,-
4.5152595667,-2.8975661824,-0.1403999341\H,-5.0844448681,-2.1039335418,-
0.6425931378\H,-4.9728638628,-3.8585528902,-0.4110856835\H,-4.643063363,-
2.7581184795,0.9407494529\H,-2.0451965869,3.8585528904,-
4.5514324512\\Version=AM64L-G09RevC.01\State=1-A\HF=-
New Dihexadecyldithiophosphate SAMs on Gold Provide Insight into the Unusual 
Dependence of Adsorbate Chelation on Substrate Morphology in SAMs of 
Dialkyldithiophosphinic Acids 
130 
1453.319185\RMSD=2.404e-09\RMSF=2.978e-06\Dipole=-3.3981559,0.,-
2.4028591\Quadrupole=-7.0148508,11.1888872,-4.1740364,-0.1420766,-
4.0175182,0.2009266\PG=C02 [C2(P1),X(C8H18S2)]\\@ 
 
Au Cation 
1\1\GINC-ORC202\FOpt\RB3PW91\Gen\Au1(1+)\ALLANC\12-Sep-
2012\0\\#B3PW91/gen pseudo=read opt freq pop=(full,nboread) test\\Optimization and 
Freq Calc on Au_cat\\1,1\Au,0.,0.,0.\\Version=AM64L-G09RevC.01\State=1-
A1G\HF=135.452234\RMSD=7.604e-
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4.1. Introduction 
 
Self-assembled monolayers (SAMs) featuring loosely packed, conformationally 
disordered alkyl chains have properties and applications that are distinct from those of 
SAMs with densely-packed, crystalline alkyl groups.1  For example, the increased 
freedom of chain motion in loosely packed SAMs enables the formation of SAMs that 
respond to external stimuli through reversible conformational changes.2-5  SAMs with 
loosely packed alkyl groups also mimic biological interfaces, leading to enhanced protein 
adsorption on the surface.6  One approach to produce SAMs with loosely packed alkyl 
groups is to use adsorbates with cleavable bulky tail groups; cleaving the tail groups after 
SAM formation leaves a sparsely-packed SAM on the substrate.2,7  The sparse adsorbate 
packing can, however, affect the stability of the SAM.  For example, the alkyl groups of 
low-density 16-mercaptohexadecanoic acid SAMs reorganize over time to a more 
crystalline state.8  These SAMs are also less stable to reductive desorption by cyclic 
voltammetry compared to densely-packed analogues.9  The stability of these SAMs can 
be improved by backfilling the voids between long-chain adsorbates using alkanethiols 
with short alkyl chains.9  Similar SAMs comprised of n-alkanethiolates with two different 
chain lengths can be formed by the coadsorption of dissimilar alkanethiols, such as a 
mixture of long- and short-chain alkanethiols, [CH3(CH2)nSH and CH3(CH2)mSH, n > m].  
The structure of these SAMs consists of a layer of densely packed alkyl chains close to 
the substrate covered by a layer of disorganized, loosely-packed chains.10  There are, 
however, two critical drawbacks with this method:  First, the preferential adsorption of 
the thiol with the longer chain causes the resulting SAM to have a composition that does 
not reflect the solution composition.10  Second, coadsorption results in phase segregation 
of the two thiols into microscopic islands, particularly when n-m > 4 carbon atoms.11  
These two drawbacks are particularly pronounced when the adsorbates differ 
significantly in chemical functionality and structure.12  Using unsymmetrical disulfides to 
form SAMs does not alleviate these problems due to the dissociation of dialkyldisulfides 
upon adsorption,13 which can cause preferential loss of one of the components and phase 
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segregation in the SAM.14-16  Although SAMs formed from unsymmetrical sulfides avert 
the problem of phase segregation, these SAMs suffer from markedly low stability.17 
Recently, Lee et al. established that using adsorbates with two different alkyl groups 
attached to a single headgroup is an effective way to produce stable SAMs in which the 
dissimilar alkyl groups are homogeneously mixed.18-24  Unsymmetrical 
spiroalkanedithiols of the from [CH3(CH2)14][CH3(CH2)n]C[CH2SH]2, 
[CH3(CH2)n][CH3]C[CH2SH]2 and [CH3(CH2)n]CH[CH2SH]2, where n = 7 to 15, produce 
SAMs composed of a densely-packed layer of alkyl chains close to the substrate, and an 
outer disordered layer with a lower alkyl group packing density.  This outer layer dictates 
the frictional properties and wettabilities of the SAM, which are different compared to 
SAMs formed from either symmetrical spiroalkanedithiols or long-chain alkanethiols.20-23  
These SAMs also possess enhanced thermal stability due to chelation of the headgroup: 
The bidentate binding of SAMs generated from spiroalkanedithiols is less disrupted by 
immersion in hot decalin than the monodentate binding of a SAM of heptadecanethiol 
(CH3(CH2)16SH), despite the fact that the latter SAM possesses densely-packed 
crystalline alkyl chains.19 
Recently, we reported SAMs formed from symmetrical dialkyldithiophosphinic acids 
(R2DTPAs) [(CH3)(CH2)n]2P(S)SH (n = 5, 9, 11, 13 and 15).  R2DTPA adsorbates are 
structurally similar to spiroalkanedithiols due to the presence of two alkyl substituents 
bound to one headgroup.  Our studies of symmetrical versions of these adsorbates have 
shown that there is a mixture of monodentate and bidentate adsorbates in SAMs formed 
on gold films deposited by e-beam evaporation, and that the presence of monodentate 
adsorbates enables dense molecular packing in the SAM.25,26  Monodentate R2DTPAs in 
the SAM possess more conformational freedom than bidentate R2DTPAs.  The single 
point of ligation of monodentate adsorbates allows rotation about the Au-S bond and 
flexibility in the Au-S-P bond angle, whereas the two points of ligation of bidentate 
adsorbates prevents rotation about the Au-S bonds and fixes the Au-S-P bond angles, and 
the tetrahedral geometry at phosphorus prevents the alkyl chains from packing closely.  
When both monodentate and bidentate adsorbates are present in the SAM, the 
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crystallinity of the alkyl chains follows a trend similar to RSH SAMs:  As the alkyl chain 
length increases, the chains become increasingly densely-packed and crystalline.26-28 
Here, we synthesize unsymmetrical dialkyldithiophosphinic acids (R1R2DTPAs) 
[CH3(CH2)n][CH3(CH2)15]P(S)SH, n = 5, 9 (C6C16DTPA and C10C16DPTA).  We 
demonstrate that these adsorbates form stable SAMs in which the alkyl groups are 
homogeneously mixed at the molecular level, and that the structures of the two 
R1R2DTPA SAMs depend on the length of the short alkyl substituent.  
 
4.2. Experimental Section 
 
All chemicals were purchased commercially and used as received.  Anhydrous diethyl 
ether and toluene were obtained from an Innovative Technologies solvent purification 
system.  Nuclear magnetic resonance (NMR) spectroscopic data were obtained and 
recorded on a Bruker Avance 300 MHz or a Bruker Avance 300 MHz Ultrashield at 
room temperature, and shifts are reported in parts per million (ppm).  31P{1H} NMR 
spectra were referenced externally to 85 % H3PO4 (δ = 0 ppm).  1H NMR spectra were 
referenced to residual proton peaks of CDCl3 (δ = 7.27 ppm).  13C{1H} NMR spectra 
were referenced to CDCl3 (δ = 77.0 ppm).  The NMR spectra of C6C16DTPA and 
C10C16DTPA are given in Figure S4.1 of the Supporting Information. 
 
4.2.1. Synthesis of Unsymmetrical DTPAs 
 
Synthesis of ethyl alkyl-H-phosphinates.  Ethyl alkyl-H-phosphinates [R(OEt)P(O)H] 
were synthesized in the method of Petneházy et al29 with the exception of using C6 and 
C10 chains to form clear liquids (C6)(OEt)P(O)H and (C10)(OEt)P(O)H in quantitative 
yields. 
(C6H13)(OC2H5)P(O)H:  31P{1H}NMR (CDCl3, 121 MHz, 298 K):  39.7.  1H NMR 
(CDCl3, 300 MHz, 298 K):  7.05 (d, |1JP-H| = 535 Hz, 1H, PH), 4.15–4.01 (m, 2H, 
OCH2), 1.72–1.71 (m, 2H, PCH2), 1.60–1.51 (m, 2H, PCH2CH2), 1.31 (t, |3JH-H| = 7.04 
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Hz, 3H, OCH2CH3), 1.26–1.22 (m, 6H, CH2), 0.84 (t, |3JH-H| = 6.83 Hz, 3H, CH3).  
13C{1H} NMR (CDCl3, 75 MHz, 298 K):  62.3 (d, |2JP-C| = 6.48 Hz, 1C, OCH2), 31.3 (s, 
1C, CH2), 30.2 (d, |2JP-C| = 15.5 Hz, 1C, PCH2CH2), 28.8 (d, |1JP-C| = 93.9 Hz, 1C, PCH2), 
22.4 (s, 1C, CH2), 20.7 (s, 1C, CH2), 16.3 (d, |3JP-C| = 6.06 Hz, 1C, OCH2CH3), 14.0 (s, 
1C, CH3). 
(C10H21)(OC2H5)P(O)H:  31P{1H}NMR (CDCl3, 121 MHz, 298 K):  39.9.  1H NMR 
(CDCl3, 300 MHz, 298 K):  7.05 (d, |1JP-H| = 530 Hz, 1H, PH), 4.19–4.01 (m, 2H, 
OCH2), 1.78–1.69 (m, 2H, PCH2), 1.60–1.51 (m, 2H, PCH2CH2), 1.33 (t, |3JH-H| = 7.10 
Hz, 3H, OCH2CH3), 1.23 (m, 14H, CH2), 0.85 (t, |3JH-H| = 6.33 Hz, 3H, CH3).  13C{1H} 
NMR (CDCl3, 75 MHz, 298 K):  62.3 (d, |2JP-C| = 6.84 Hz, 1C, OCH2), 31.8 (s, 1C, 
CH2), 30.3 (d, |2JP-C| = 16.1 Hz, 1C, PCH2CH2), 29.4–29.2 (m, 4C, CH2), 28.5 (d, |1JP-C| = 
77.7 Hz, 1C, CH2), 22.6 (s, 1C, CH2), 20.6 (s, 1C, CH2), 16.1 (s, 1C, OCH2CH3), 14.0 (s, 
1C, CH3). 
Synthesis of unsymmetrical dialkyl phosphine oxides.  The synthesis of 
unsymmetrical dialkyl phosphine oxides [R1R2P(O)H] from R(OEt)P(O)H by Grignard 
reaction was performed in the method of Miller et al,25 with the exception of leaving the 
Grignard reaction refluxing for 48 hrs to yield C6C16P(O)H and C10C16P(O)H in 
quantitative yields.  C6C16P(O)H  is a white, waxy solid and C10C16P(O)H is a white 
solid. 
(C6H13)(C16H33)P(O)H:  31P{1H} NMR (CDCl3, 121 MHz, 298 K): δ 35.8.  1H NMR 
(CDCl3, 300 MHz, 298 K): 6.85 (d, |1JP-H| = 446 Hz, 1H, PH), 1.85–1.65 (m, 4H, PCH2), 
1.62–1.56 (m, 4H, PCH2CH2), 1.41–1.40 (m, 4H, PCH2CH2CH2), 1.25 (m, 28H, CH2), 
0.87 (t, |3JH-H| = 6.76 Hz, 6H, CH3).  13C{1H} NMR (CDCl3, 126 MHz, 298 K): δ 32.1 (s, 
2C, CH2), 31.4 (s, 2C, CH2), 29.8–29.5 (m, 2C, CH2), 27.9 (s, 10C, CH2), 22.8 (s, 2C, 
CH2), 21.9 (s, 2C, CH2), 14.3 (s, 2C, CH3). 
(C10H21)(C16H33)P(O)H:  31P{1H} NMR (CDCl3, 121 MHz, 298 K): δ 35.9.  1H NMR 
(CDCl3, 300 MHz, 298 K): 6.85 (d, |1JP-H| = 448 Hz, 1H, PH), 1.90–1.77 (m, 4H, PCH2), 
1.62–1.61 (m, 4H, PCH2CH2), 1.42–1.33 (m, 4H, PCH2CH2CH2), 1.26 (m, 36H, CH2), 
0.88 (t, |3JH-H| = 6.40 Hz, 6H, CH3).  13C{1H} NMR (CDCl3, 126 MHz, 298 K): δ 31.9 (s, 
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2C, CH2), 30.7 (d, |2JP-C| = 13.6 Hz, 2C, PCH2CH2), 29.6–29.1 (m, 14C, CH2), 28.1 (d, 
|1JP-C| = 65.2 Hz, 2C, PCH2), 22.6 (s, 2C, CH2), 21.7 (s, 2C, CH2), 14.1 (s, 2C, CH3). 
Synthesis of unsymmetrical DTPAs.  The synthesis of R1R2DTPAs from R1R2P(O)H 
precursors was performed according to Miller et al.25 C6C16DTPA is a light yellow waxy 
solid and C10C16DTPA is a light yellow solid.  Melting point of C10C16DTPA: 25–30°C. 
Yields:  C6C16DTPA: 50%, C10C16DTPA: 60%. 
(C6H13)(C16H33)P(S)SH:  31P{1H} NMR (CDCl3, 122 MHz, 298 K): δ 70.8.  1H NMR 
(CDCl3, 300 MHz, 298 K): 2.17–2.09 (m, 4H, PCH2), 1.81–1.56 (m, 4H, PCH2CH2), 
1.43–1.39 (m, 4H, PCH2CH2CH2), 1.26 (m, 28H, CH2), 0.88 (t, |3JH-H| = 6.12 Hz, 6H, 
CH3).  13C{1H} NMR (CDCl3, 76 MHz, 298 K): δ 38.9 (d, |1JP-C| = 51.9 Hz, 2C, PCH2), 
31.9 (s, 2C, CH2), 31.3 (s, 2C, CH2), 30.4 (d, |2JP-C| = 22.3 Hz, 2C, PCH2CH2), 29.7–29.1 
(m, 10C, CH2), 22.7 (s, 2C, CH2), 14.1 (s, 2C, CH3). 
(C10H21)(C16H33)P(S)SH:  31P{1H} NMR (CDCl3, 121 MHz, 298 K): δ 70.8.  1H NMR 
(CDCl3, 300 MHz, 298 K): 2.17–2.08 (m, 4H, PCH2), 1.78–1.70 (m, 4H, PCH2CH2), 
1.43–1.41 (m, 4H, PCH2CH2CH2), 1.26 (m, 36H, CH2), 0.88 (t, |3JH-H| = 6.00 Hz, 6H, 
CH3).  13C{1H} NMR (CDCl3, 126 MHz, 298 K): δ 38.8 (d, |1JP-C| = 50.5 Hz, 2C, PCH2), 
31.9 (s, 2C, CH2), 30.4 (d, |2JP-C| = 17.2 Hz, 2C, PCH2CH2), 29.7–29.1 (m, 14C, CH2), 
22.9 (s, 2C, CH2), 22.7 (s, 2C, CH2), 14.1 (s, 2C, CH3). 
 
4.2.2. Gold Substrate Preparation and SAM Formation 
 
Gold substrate preparation.  Gold films were produced by depositing 2 nm of titanium 
as an adhesion promoter onto silicon wafers, followed by 200 nm of gold, using an 
electron-beam evaporator.  To minimize surface contamination, the gold films were used 
immediately after their fabrication to form SAMs. 
SAM formation.  Approximately 2 cm × 2 cm gold substrates were immersed into a 1 
mM (C6)2DTPA, (C10)2DTPA, (C16)2DTPA, C6C16DTPA and C10C16DTPA solutions in 
anhydrous toluene for 24 hrs.  Substrates were then removed from solution, rinsed with 
anhydrous toluene and dried under a stream of nitrogen.  The 2:1 mixed alkanethiolate 
SAMs were formed by the mixing of 1 mM hexadecanethiol (C16SH) and 2 mM 
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hexanethiol (C6SH) or decanethiol (C10SH) solutions in anhydrous ethanol in equal 
volumes. 
 
4.2.3. Characterization 
 
X-ray photoelectron spectroscopy (XPS).  XPS spectra were collected at Surface 
Science Western (London, Ontario, Canada) using a Kratos Axis Nova X-ray 
photoelectron spectrometer with a monochromatic Al K source.  The detection limit of 
the instrument is 0.1–0.5 at. %.  Both survey-scan and high-resolution analyses were 
carried out over a 300 μm × 700 μm scan area.  Survey-scan analyses were carried out 
with a pass energy of 160 eV, and high-resolution analyses were carried out with a pass 
energy of 20 eV.  Samples were analyzed at a 30° takeoff angle (60° tilt).  High-
resolution sulfur line shapes were fit using two pairs of spin–orbit split components (2p3/2 
and 2p1/2) assuming a Gaussian/Lorentzian (70%:30%) line shape and a fixed splitting 
energy of 1.18 eV with a 2:1 area ratio.30 
Infrared spectroscopy.  Reflection–absorption infrared (RAIR) spectra were collected 
using a Bruker IFS 66/v spectrometer equipped with a mercury cadmium telluride (MCT) 
detector and Harrick Autoseagull accessory.  The p-polarized light was incident at 85° 
from the surface normal, and 1024 scans were collected at a resolution of 2 cm–1. 
Contact angle measurements.  Water and hexadecane contact angles were measured 
with a Ramé-Hart contact angle goniometer equipped with a microlitre syringe and a 
tilting stage.  In each case, at least three drops from three samples were averaged. 
Atomic force microscopy (AFM).  AFM images were obtained using a Digital 
Instruments Multimode atomic force microscope run in contact mode. Veeco type SNL 
(silicon tip on nitride lever) cantilevers were used with a nominal tip radius of 2 nm and a 
nominal force constant of 0.12 N/m.  The back side of each cantilever was coated with 45 
± 5 nm of Ti/Au.  The AFM images were collected over 50 nm × 50 nm scan areas using 
a scan rate of 1.0 Hz, a scanning resolution of 256 samples per line, and a constant force 
of ∼0.1 nN.  Images were collected using Nanoscope 6 software and processed using 
WSxM 5.0 Develop 1.0 software.31 
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Electrochemical impedance spectroscopy (EIS).  EIS spectra were collected using a 
BAS-Zahner IM6 ex impedance unit.  A glass cell equipped with a calomel/saturated KCl 
reference electrode and a 1.0-mm Pt wire counter electrode was clamped to the working 
electrode, a 0.95-cm2 area of the SAM on gold, and then filled with an aqueous solution 
of 1 mM K3Fe(CN)6, 1 mM K4Fe(CN)6·3H2O, and 10 mM Na2SO4.  The measurements 
were made at an open-circuit potential set at ~420 mV with a 5 mV ac perturbation that 
was controlled from 50 mHz to 200 kHz.  The current response was measured, which is 
normalized to the area of the working electrode.  The impedance data was fitted with an 
appropriate circuit model to provide values for the resistance and the capacitance of the 
SAM. 
 
4.3. Results and Discussion 
 
4.3.1. Unsymmetrical R1R2DTPA Synthesis and SAM Formation 
 
We synthesized unsymmetrical R1R2DTPA compounds by first reacting 
triethylphosphite with the appropriate Grignard reagent (C6MgBr or C10MgBr) to form 
the ethyl alkyl-H-phosphinate C6(OEt)P(O)H or C10(OEt)P(O)H.  Reacting the ethyl 
alkyl-H-phosphinate with a second Grignard reagent (C16MgBr) produces the 
unsymmetrical dialkylphosphine oxide C6C16P(O)H or C10C16P(O)H.  Reduction with 
lithium aluminum hydride then generates the unsymmetrical secondary phosphine, and 
oxidation with elemental sulfur provides the unsymmetrical R1R2DTPAs in 50–60% 
yields (Scheme 4.1).  We prepared SAMs from these adsorbates by immersing gold-
coated silicon wafers prepared by e-beam evaporation into 1 mM solutions of the 
R1R2DTPAs in toluene for 24 hrs.  Substrates were then removed from solution, rinsed 
with anhydrous toluene and dried under a stream of nitrogen. 
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Scheme 4.1.  Synthesis of R1R2DTPAs. 
 
4.3.2. Binding of R1R2DTPA Headgroups 
 
We used X-ray photoelectron spectroscopy (XPS) to confirm the presence of 
elements consistent with R1R2DTPA SAM formation, and high resolution XPS (HR-
XPS) of the S 2p region to determine the nature of bonding between the DTPA 
headgroup and the gold surface.  Survey scans of C6C16DTPA and C10C16DTPA SAMs 
detected carbon, sulfur, phosphorus and gold, consistent with SAM formation (Figure 
S4.2, Supporting Information).  Oxygen was also detected in the survey scans.  Figure 4.1 
shows the HR-XPS spectra of S 2p region of C6C16DTPA and C10C16DTPA SAMs.  The 
electronic environment at sulfur due to the nature of the Au–S interaction affects the S 2p 
binding energies (BEs).  High resolution XPS (HR-XPS) of S 2p region distinguishes 
between sulfur species chemisorbed to gold (S 2p3/2 BE ~161 eV), sulfur species not 
interacting with gold (S 2p3/2 BE ~163 eV), and oxidized sulfur adsorbates (S 2p3/2 BE 
~167-169 eV).32-33  For both C6C16DTPA and C10C16DTPA SAMs, HR-XPS of the S 2p 
region showed complex line shapes that we fit using pairs of S 2p3/2 and S 2p1/2 spin–
orbit split components by assuming a Gaussian/Lorentzian (70%:30%) line shape and a 
splitting energy fixed at 1.18 eV.  S 2p3/2 binding energies (Table 4.1) indicate that 
R1R2DTPA SAMs include both chemisorbed and non-interacting sulfur atoms, in ratios 
of 72:28 for the C6C16DTPA SAM and 91:9 for the C10C16DTPA SAM.  These ratios 
correspond to R1R2DTPA SAMs that incorporate both bidentate and monodentate DTPA 
adsorbates, with bidentate:monodentate ratios of 44:56 for the C6C16DTPA SAM and 
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82:18 for the C10C16DTPA SAM.  The presence of both bidentate and monodentate 
adsorbates agrees with our previous study of symmetrical R2DTPA SAMs, which 
incorporate both bidentate and monodentate adsorbates regardless of alkyl chain length.26  
SAMs of symmetrical R2DTPA SAMs with short alkyl chains (hexyl and decyl), 
however, also exhibit a photoelectron peak due to oxidized sulfur atoms attributed to 
oxidation of the DTPA headgroup.26  R2DTPA SAMs with longer chains (dodecyl, 
tetradecyl and hexadecyl) do not show this peak, suggesting that the longer alkyl chains 
protect the DTPA headgroup from oxidation.  Since neither C6C16DTPA nor 
C10C16DTPA SAMs show peaks at ~167-169 eV attributable to oxidized sulfur, we 
conclude that the C16 chain in R1R2DTPA SAMs provides sufficient protection against 
sulfur headgroup oxidation.  The presence of oxygen in the survey scans (~530 eV) of 
both C6C16DTPA and C10C16DTPA SAMs, however, indicates that these SAMs do not 
prevent the adsorption of oxygen-containing species, similar to previously reported 
symmetrical R2DTPA SAMs with long alkyl chains.26 
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Figure 4.1.  HR-XPS spectra of the S 2p region (a) C6C16DTPA and (b) C10C16DTPA 
SAMs. 
 
Table 4.1.  S 2p3/2 binding energies and the ratio of chemisorbed : non-interacting S 
species of C6C16DTPA and C10C16DTPA SAMs on gold. 
S 2p3/2 Assignment[a] 
S 2p3/2 Binding Energies (eV) 
C6C16DTPA C10C16DTPA 
chemisorbed S (blue) 161.4 161.6 
non-interacting S (red) 162.3 163.2 
ratio of chemisorbed : 
non-interacting S 
72:28 91:9 
[a] Colours refer to the fitted peaks in Figure 4.1. 
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4.3.3. Organization of the Alkyl Chains 
 
Reflection-absorption infrared (RAIR) spectra of the C–H stretching region of 
unsymmetrical R1R2DTPA SAMs show that the alkyl groups of both C6C16DTPA and 
C10C16DTPA SAMs are liquid-like, consistent with loose alkyl group packing.  The 
RAIR spectra of C6C16DTPA and C10C16DTPA SAMs are shown in Figure 4.2, with 
spectra of the symmetrical (C6)2DTPA, (C10)2DTPA, and (C16)2DTPA SAMs included for 
comparison.  The peak positions of the as(CH2) and s(CH2) stretches are summarized in 
Table 4.2.  Alkyl groups of symmetrical R2DTPA SAMs become more crystalline with 
increasing chain length due to the greater number of van der Waals interactions between 
chains, which stabilize the SAM.  Thus, as(CH2) and s(CH2) peaks of (C10)2DTPA and 
(C6)2DTPA SAMs appear at high wavenumbers, indicating that the alkyl chains in these 
SAMs are liquid-like, whereas those of the (C16)2DTPA SAM appear at low 
wavenumbers, indicating that the alkyl groups are crystalline.  The as(CH2) and s(CH2) 
peak positions of both C6C16DTPA and C10C16DTPA SAMs are significantly higher than 
those of even the short-chain R2DTPA SAMs, indicating that the spacing provided by the 
short alkyl chains thwarts van der Waals interactions between the C16 chains, causing 
them to be significantly disordered and liquid-like.  The highly disordered alkyl chains of 
unsymmetrical R1R2DTPA SAMs are similar to those of unsymmetrical 
spiroalkanedithiolate SAMs and mixed linear alkanethiolate SAMs.  When the difference 
in the number of methylene units between the two alkyl chains (n) ranges from 5 – 11, 
both spiroalkanedithiolate and mixed linear alkanethiolate SAMs all exhibit as(CH2) 
peak positions > 2925 cm-1,21-23 similar to the C6C16DTPA SAM (n = 10, as(CH2) = 
2926 cm-1) and the C10C16DTPA SAM (n = 6, as(CH2) = 2925 cm-1). 
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Figure 4.2.  RAIR spectra (2990–2820 cm-1) of R1R2DTPA and R2DTPA SAMs.  (a) 
(C16)2- (blue), C6C16- (purple) and (C6)2DTPA (red); (b) (C16)2- (blue), C10C16- (green) 
and (C10)2DTPA (yellow).  The dashed vertical lines indicate the position of the 
asymmetric (2918 cm-1) and symmetric (2850 cm-1) methylene stretching modes of a 
crystalline C16SH SAM for comparison. 
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Table 4.2.  Absorption bands of as(CH2) and s(CH2), FWHM of as(CH2), s(CH2) and 
as(CH3), and contact angle measurements of R1R2DTPA SAMs and the analogous 
R2DTPA SAMs. 
 
Adsorbate 
(C6)2DTPA C6C16DTPA (C16)2DTPA C10C16DTPA (C10)2DTPA 
as(CH2) (cm-1) 2922 2926 2918 2925 2922 
s(CH2) (cm-1) 2853 2855 2850 2854 2853 
as(CH2) fwhm 
(cm-1) -
[a] 18.80 12.20 17.80 -[a] 
s(CH2)  fwhm 
(cm-1) -
[a] 12.48 7.42 12.65 -[a] 
as(CH3)  fwhm 
(cm-1) 4.45 14.14 6.60 12.32 5.44 
(H2O) (°) 93.3 ± 2.2 92.1 ± 3.2 102.3 ± 0.7 104.5 ± 1.7 99.6 ± 1.0 
(HD) (°) < 15 < 15 42.6 ± 1.9 < 15 < 15 
[a] The intensities of as(CH2) and s(CH2) peaks of (C6)2DTPA and (C10)2DTPA SAMs 
are too low to accurately determine the FWHM.26 
 
The full width at half-maximum (FWHM) of methylene and methyl C–H stretching 
peaks provide information about the uniformity of the orientation of the CH2 and CH3 
groups.  SAMs with crystalline alkyl chains possess uniformly oriented CH2 and CH3 
groups; the FWHM of their C–H stretching peaks is smaller than that of SAMs with 
liquid-like chains, which exhibit more random orientation of the CH2 and CH3 groups and 
hence broader C–H stretching peaks.34  The FWHM of as(CH2), s(CH2), and as(CH3) 
for R1R2DTPA and R2DTPA SAMs (Table 4.2) show that the alkyl groups of 
unsymmetrical R1R2DTPA SAMs are significantly more randomly oriented than those of 
their symmetrical R2DTPA SAM counterparts.  The FWHM of the as(CH2) and s(CH2) 
peaks of C6C16DTPA and C10C16DTPA SAMs are ~6 cm-1 larger than those of the 
(C16)2DTPA SAM, indicating that the CH2 groups in the R1R2DTPA SAMs are more 
randomly oriented than the crystalline alkyl groups of (C16)2DTPA SAMs.  Furthermore, 
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the methyl groups of C6C16DTPA and C10C16DTPA SAMs are more randomly oriented 
than those of both short-chain and long-chain R2DTPA SAMs.  The FWHM of as(CH3) 
peaks (at ~2965 cm-1) of R1R2DTPA SAMs are > 5 cm-1 larger than those of R2DTPA 
SAMs, and the s(CH3) peaks (at ~2880 cm-1) of R1R2DTPA SAMs are broad enough to 
be indistinguishable from the baseline. 
Hexadecane contact angles, (HD), of R1R2DTPA SAMs are consistent with the 
loose alkyl chain packing indicated by RAIRS; in addition, water contact angles,  
(H2O), indicate structural differences between C6C16DTPA and C10C16DTPA SAMs 
(Table 4.2).  Hexadecane interacts with alkyl chains through London dispersion forces, 
and its low surface tension allows it to intercalate between alkyl chains.10,28,35  
Consequently, hexadecane contact angle measurements are often used to probe alkyl 
chain packing densities.  Hexadecane wets R1R2DTPA, (C6)2DTPA and (C10)2DTPA 
SAMs, consistent with the loose alkyl group packing indicated by RAIRS.  In contrast,  
(HD) of the (C16)2DTPA SAM is 42.6° due to the dense alkyl group packing exhibited by 
this SAM.25  Since HD can easily intercalate between the alkyl chains of SAMs in which 
the alkyl groups are not densely packed and crystalline, (HD) cannot distinguish 
structural differences between C6C16DTPA, C10C16DTPA, (C6)2DTPA and (C10)2DTPA 
SAMs.  Water contact angles, however, indicate slight differences between the structures 
of C6C16DTPA and C10C16DTPA SAMs.  (H2O) of the C6C16DTPA SAM is within error 
of (H2O) of (C6)2DTPA and is significantly lower than that of (C16)2DTPA SAMs, 
which is consistent with loose alkyl group packing in the C6C16DTPA SAM.  (H2O) of 
the C10C16DTPA SAM, however, is 12.4° higher than that of the C6C16DTPA SAM, 
within error of that of (C16)2DTPA SAM.  Since the RAIRS and (HD) data clearly 
indicate loose alkyl group packing in the C10C16DTPA SAM, the difference in (H2O) of 
the C6C16DTPA SAM and the C10C16DTPA SAM may be attributed to two possible 
causes:  First, the greater difference in chain lengths of the C6C16DTPA SAM (n = 10) 
exposes more CH2 groups at the interface than the C10C16DTPA SAMn = 6).  
Exposure of methylene groups to the water drop lowers the contact angle relative to 
surfaces comprised of methyl groups.28  Second, the alkyl group packing in the 
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C6C16DTPA SAM may be loose enough to allow the water drop to sense the underlying 
gold substrate.  This phenomenon has been implicated as a cause of the low water contact 
angles reported for short-chain alkanethiol SAMs28 and symmetrical short-chain DTPA 
SAMs.26  In contrast, there are more possible van der Waals interactions between the 
decyl chain and the first ten methylene groups of the hexadecyl chain in the C10C16DTPA 
SAM.  A structure consistent with the data consists of a densely-packed alkyl layer close 
to the substrate with hexadecyl chains protruding above to form a loosely-packed, 
disordered alkyl layer. 
 
4.3.4. Electrochemical Barrier Properties 
 
Electrochemical impedance spectroscopy (EIS) is a sensitive method to probe 
differences in alkyl group packing densities of SAMs.  The packing density of alkyl 
groups and the presence of defects in SAMs are both strongly correlated to the resistance 
of the SAM to the diffusion of a redox probe to the underlying metal surface.36,37  By 
applying a sinusoidal ac perturbation at a frequency range of 50 mHz to 200 kHz and 
measuring the current response, we obtain the complex impedance of the SAM.  Fitting 
an appropriate circuit model to the impedance data yields values for the resistance (RSAM) 
and the capacitance (CSAM) of the SAM.  RSAM indicates the defect density of the SAM.  
Well-ordered, densely packed SAMs provide high resistance to electron transfer, whereas 
loosely packed SAMs with disordered chains have a higher defect density, and can cause 
RSAM to be orders of magnitude lower.37  CSAM is inversely proportional to the SAM 
thickness using the equation 
SAM
0
SAM C
d 
 
where dSAM is the SAM thickness in Angstroms (Å), CSAM is the SAM capacitance per 
area in F m-2,  is the SAM dielectric constant (measured to be 2.1 for C16SH and C18SH 
SAMs on gold using surface plasmon resonance38) and 0 is the permittivity of free space 
(8.854×10-12 F m-1). 
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We collected impedance spectra of R1R2DTPA SAMs using an aqueous 
K4Fe(CN)6/K3Fe(CN)6 solution as the redox probe.  Figure 4.3 shows the impedance 
spectra in the form of Bode magnitude plots for R1R2DTPA SAMs and the analogous 
R2DTPA SAMs for comparison.  In the low frequency region of the Bode plots, the 
impedance modulus corresponds to the resistance the SAM provides against diffusion of 
the redox probe.  Comparing the Bode plots of C6C16DTPA and C10C16DTPA SAMs to 
their analogous R2DTPA SAMs reveals that the R1R2DTPA SAMs differ in how well 
they resist the diffusion of the redox probe.  Although the resistances of both R1R2DTPA 
SAMs lie between the analogous symmetrical R2DTPA SAMs, the resistance of the 
C6C16DTPA SAM appears to be closer to that of its short-chain symmetrical analogue, 
the (C6)2DTPA SAM, whereas the resistance of the C10C16DTPA SAM appears to be 
closer to that of its long-chain symmetrical analogue, the (C16)2DTPA SAM.  Nyquist 
plots of the EIS data of R1R2DTPA SAMs further support structural differences between 
the two R1R2DTPA SAMs.  The presence of a Warburg line in the Nyquist plot indicates 
that defects are present in the SAM that permit the diffusion of the redox probe ion 
through the SAM to the underlying gold.  The Nyquist plot of the C6C16DTPA SAM 
exhibits a Warburg line on the low frequency side (Figure 4.4a), similar to the short-chain 
symmetrical (C6)2DTPA and (C10)2DTPA SAMs.26  The equivalent circuit that best 
models these defective SAMs consists of a solution resistance (RSolution) in series with a 
parallel coating capacitance (CSAM) and Faradaic impedance, which is composed of the 
charge transfer resistance (RSAM) in series with a Warburg element (Figure 4.4b).39  In 
contrast, the Nyquist plot of the C10C16DTPA SAM does not exhibit a Warburg line 
(Figure 4.4c), similar to the (C16)2DTPA SAM.25,26 The equivalent circuit that best 
models these SAMs (Figure 4.4d) is the same as that of Figure 4.4c but lacks the 
Warburg element in the Faradaic impedance.40 
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Figure 4.3.  EIS Bode plots of (a) (C16)2-, C6C16-, and (C6)2DTPA SAMs; (b) (C16)2-, 
C10C16-, and (C10)2DTPA SAMs. 
 
Formation of Self-Assembled Monolayers with Homogeneously Mixed, Loosely Packed 
Alkyl Groups Using Unsymmetrical Dialkyldithiophosphinic Acids 
150 
b)
W
CSAM
RSolution
RSAM
ZW
d)
RSolution
RSAM CSAM
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
0.0 5.0 10.0
Im
pe
da
nc
e 
(Im
, k
)
Impedance (Re, k)
a)
0
20
40
60
80
100
120
140
0 100 200 300 400
Im
pe
da
nc
e 
(Im
, k
)
Impedance (Re, k)
c)
 
Figure 4.4.  Nyquist plots of (a) C6C16DTPA and (b) Randles circuit model used to fit 
EIS data of C6C16DTPA SAMs; (c) C10C16DTPA SAMs and (d) Randles circuit model 
used to fit EIS data of C10C16DTPA SAMs. 
 
The resistance and capacitance values derived from circuit modeling and calculated 
thickness values for R1R2DTPA SAMs, along with values for R2DTPA SAMs,26 are 
summarized in Table 4.3.  The resistance of C6C16DTPA SAM is the same order of 
magnitude as that of the (C6)2DTPA SAM and three orders lower than (C16)2DTPA SAM.  
Although the C16 chain gives the C6C16DTPA SAM some additional resistance to the 
redox probe compared to the (C6)2DTPA SAM, the increase is minimal.  In addition, the 
capacitance of the C6C16DTPA SAM indicates that this SAM is even thinner than the 
(C6)2DTPA SAM.  It is likely that the limited van der Waals interactions between hexyl 
groups cause this SAM to have a very low molecular density, which allows the hexadecyl 
chains to lie between the adsorbate molecules.  Having the hexadecyl chains fill the gaps 
between adjacent adsorbates explains the modest increase in resistance of the 
C6C16DTPA SAM compared to the (C6)2DTPA SAM, and accounts for why the 
C6C16DTPA headgroups do not show evidence of oxidation in HR-XPS spectra.  This 
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interpretation is also consistent with RAIRS and contact angle data.  On the other hand, 
the resistance of C10C16DTPA SAM is one order of magnitude higher than (C10)2DTPA 
SAM and one order of magnitude lower than (C16)2DTPA SAM, and the capacitance 
indicates that the C10C16DTPA SAM has a thickness between its symmetrical analogues.  
In the C10C16DTPA SAM, the decyl chain provides enough van der Waals interactions 
within the SAM to stabilize the structure.  The molecular packing is likely higher than 
that of the C6C16DTPA SAM, leading to a structure in which the ten CH2 groups closest 
to the substrate form a packed layer, and the hexadecyl chains protruding above this layer 
form a disordered layer.  This structure is consistent with a resistance and capacitance 
that lie between those of (C10)2DTPA and (C16)2DTPA SAMs.  It is also consistent with 
the RAIRS and contact angle data, and is similar to structures reported for mixed 
alkanethiolate SAMs.22 
 
Table 4.3.  Calculated resistance, capacitance and monolayer thickness of DTPA SAMs. 
Adsorbate 
Resistance 
( cm2)
Capacitance 
(F cm-2) Thickness (Å)
(C6)2DTPA 1.07 ± 0.02 × 10
3 4.35 ± 0.48 4.31 ± 0.47 
C6C16DTPA 8.03 ± 1.09 × 10
3 6.01 ± 0.13 3.10 ± 0.07 
(C16)2DTPA 2.32 ± 0.46 × 10
6 1.26 ± 0.06 14.77 ± 0.76 
C10C16DTPA 2.33 ± 0.79 × 10
5 2.14 ± 0.13 8.70 ± 0.50 
(C10)2DTPA 2.60 ± 1.24 × 10
4 3.31 ± 0.74 5.83 ± 1.31 
 
4.3.5. Surface Homogeneity 
 
R1R2DTPA adsorbates are designed to prevent phase segregation of alkyl chains in 
the SAM, which is a problem for mixed R1SH/R2SH SAMs.11,12  We used water contact 
angle hysteresis (a-r = ) measurements and AFM to compare the homogeneity of 
mixing of the alkyl groups of R1R2DTPA SAM surfaces to analogous mixed R1SH/R2SH 
SAMs.  We formed mixed C6SH/C16SH and C10SH/C16SH SAMs by the coadsorption of 
Formation of Self-Assembled Monolayers with Homogeneously Mixed, Loosely Packed 
Alkyl Groups Using Unsymmetrical Dialkyldithiophosphinic Acids 
152 
the two thiols in solution.  Due to the preferential adsorption of the long chain thiol, a 
solution ratio (rsol = [C6SH]/[C16SH] or [C10SH]/[C16SH]) of 2 yields SAMs with a 50:50 
surface composition of the two thiols.22  Advancing and receding water contact angle 
measurements show that  of the R1SH/R2SH SAMs is significantly higher than that of 
R1R2DTPA SAMs (Table 4.4).  Since contact angle hysteresis is a sensitive indicator of 
surface heterogeneity, the difference in  between R1R2DTPA and R1SH/R2SH SAMs 
indicates that the alkyl groups are more homogeneously mixed in the former than the 
latter.  We used atomic force microscopy (AFM) to map the topography of the two SAM 
types and detect the presence of nanoscale islands.  Figure 4.5 shows the topographic 
images of a 50 nm × 50 nm area of R1SH/R2SH SAMs (a and b) and R1R2DTPA SAMs 
(c and d).  The differences in topographic features for the mixed R1SH/R2SH SAMs 
clearly show that these SAMs are comprised of nanoscale islands of different heights.  
This phase segregation is the cause of the high contact angle hysteresis of these SAMs.  
In contrast, the topographical images of R1R2DTPA SAMs are nearly featureless, 
indicating that the chains in these SAMs are homogeneously mixed.  Similar topographic 
AFM results were reported in a study comparing [CH3(CH2)7][CH3(CH2)14]C[CH2SH]2 
and mixed C10SH/C17SH SAMs.22  
 
Table 4.4.  (H2O) of R1R2DTPA and mixed alkanethiol SAMs. 
SAM °
Mixed C6SH/C16SH 23.6 ± 3.0 
C6C16DTPA 7.8 ± 4.8 
Mixed C10SH/C16SH 22.0 ± 3.9 
C10C16DTPA 10.2 ± 4.3 
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Figure 4.5.  Topographic images of SAMs derived from (a) mixed 50:50 C6SH/C16SH 
SAM, (b) mixed 50:50 C10SH/C16SH SAM, (c) C6C16DTPA and (d) C10C16DTPA. 
 
4.4. Conclusions 
 
Unsymmetrical R1R2DTPAs form stable SAMs on gold in which the alkyl groups are 
both loosely packed and homogeneously mixed.  These adsorbates bind to gold via a 
mixture of monodentate and bidentate binding in the SAM, similar to reported studies of 
symmetrical R2DTPA SAMs.25,26  Taken together, these studies indicate that the length of 
the alkyl substituents does not affect how the DTPA headgroup binds to gold.  Both 
studies support the conclusions of a previous study on (C16)2DTPA SAMs, which 
demonstrated that the cause of disruption of DTPA headgroup chelation is the presence 
of grain boundaries on the surface of gold substrates fabricated by e-beam evaporation.25  
The alkyl groups of both C6C16DTPA and C10C16DTPA SAMs are loosely packed and 
disordered, but there are structural differences between the two SAMs that depend on the 
length of the short alkyl substituent.  The short alkyl substituent determines the number 
of possible van der Waals interactions between alkyl chains in the zone close to the 
substrate.  In the C6C16DTPA SAM, the hexyl chains are not long enough to stabilize the 
structure of the SAM, consequently leading to low molecular packing density on the 
surface and a SAM that is even thinner than the symmetrical short-chain (C6)2DTPA 
SAM.  The C6C16DTPA SAM likely adopts a structure in which the hexadecyl chains lie 
down to fill the gaps between adjacent adsorbates.  This conformational structure protects 
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the DTPA headgroup from oxidation and provides a modest increase in resistance to the 
diffusion of a redox probe compared to the (C6)2DTPA SAM.  In contrast, the additional 
van der Waals interactions provided by the decyl chains of the C10C16DTPA SAM are 
enough to enable the formation of a SAM in which the zone close to the substrate is 
composed of a packed alkyl layer, with hexadecyl chains protruding above to form a 
loosely-packed, disordered alkyl layer.  The thickness of this SAM, as well as its 
resistance to the diffusion of a redox probe, is thus intermediate between symmetrical 
(C10)2DTPA and (C16)2DTPA SAMs.  Regardless of the structural differences between 
the C6C16DTPA and C10C16DTPA SAMs, both SAMs exhibit homogeneous mixing of 
the alkyl chains within the SAM, demonstrating that binding two different chains to a 
single headgroup is an effective method to prevent phase segregation. 
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Figure S4.1.  31P, 1H and 13C NMR of R1R2DTPAs. 
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Figure S4.2.  XPS survey spectra of R1R2DTPA SAMs. 
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5.1. Introduction 
 
Intense research efforts in nanoscience have recently focused on the development of 
electronic devices that use molecules as the active components rather than widely-used 
semiconductors.  Using molecular-sized components may extend Moore’s Law by 
reducing the size of common circuit elements such as conductors, rectifiers and logic 
gates while retaining their functionalities.  Such devices rely on chemical functionalities 
to achieve the desired electronic properties.  The formation of molecular junctions 
provides a method to relate the molecular structure and the electron transport 
mechanisms.  The simplest molecular device structures are those composed of a single 
molecule inserted between electrodes.  However, serious challenges arise with such 
systems due to the difficulty with their preparation and the variability of measurements.  
Moreover, the uncertainties in the configuration and purity of the molecules raise doubts 
about the reproducibility of device performance; thus, the mechanism of electron 
transport remains unanswered.1,2  Using self-assembled monolayers (SAMs) overcomes 
these problems because the molecules in SAMs are well-ordered and robust, allowing for 
facile junction preparations and data acquisition to build a knowledge base of current-
voltage characteristics of molecules.  The first SAM-based junctions were those 
composed of n-alkanethiols (RSH).  The n-alkanethiols act as a dielectric layer 
sandwiched between the bottom substrate and the top electrode.  The top electrode is 
deposited on top of the RSH SAM either by the direct deposition of the metal,3-8 or by 
placing a mercury drop9-14 or Ga2O3/indium-gallium eutectic (EGaIn) drop.15-19  The 
widespread use of RSH SAMs has since encouraged many researchers to design new 
adsorbates with different molecular structures to achieve junction properties beyond those 
available with simple n-alkanethiolate SAMs.  One method is to change the tail group or 
the molecular backbone to influence the electron transport properties.  For example, the 
use of adsorbates bearing ferrocene groups results in the formation of junctions with 
rectified electron transport behaviors,20-22 and the incorporation of -conjugated moieties 
decreases the energy gap between the highest occupied molecular orbital (HOMO) and 
the lowest unoccupied molecular orbital (LUMO), resulting in significantly lower 
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resistances than the junctions with alkanes.23  An alternative method is to change the 
headgroup, thus affecting the SAM–metal contact and leading to junctions with different 
current–voltage characteristics than those with sulfur–metal contacts.  For example, 
junctions formed from adsorbates bearing isonitrile headgroups show small but 
quantifiable differences in current–voltage measurements than those of RSH SAMs.24-26  
Alternatively, using adsorbates with chelating headgroups allows for fabricating 
molecular “alligator clips”, which have stronger molecule–metal contact than those with 
a single ligation point.  Dithiocarbamates27-30 are excellent candidates due to their 
stabilizing resonance structures through the N–C and the C–S bonds.  Indeed, the 
junctions with dithiocarbamates have increased thermal stabilities compared to the 
analogous thiols,31 and the backbone and tail groups can be altered to obtain junctions 
with rectification properties.32 
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Figure 5.1.  Possible binding modes of DTPA molecules: monodentate (top) and 
bidentate (bottom). 
 
Our research group has developed SAMs on gold formed from 
dialkyldithiophosphinic acids (R2DTPA, R = C6, C10, C12, C14 and C16).  These molecules 
possess two sulfur atoms bound to the phosphorus centre, and can adsorb on the gold 
substrate in by either monodentate or bidentate binding modes.  Monodentate DTPAs 
have a sulfur atom that forms a bond with the gold substrate while the other sulfur atom 
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retains the double bound to phosphorus and does not interact with gold, whereas 
bidentate DTPAs have both sulfur atoms interacting with gold and have resonance 
associated with chelation, thus acting like a molecular alligator clip (Figure 5.1).  The 
chelating ability of the DTPAs depends on the morphology of the underlying gold.  Gold 
films deposited by electron-beam evaporation (As-Dep) are comprised of small grains of 
~50 nm, separated by deep grain boundaries of ~7 nm.  The grain boundaries disrupt the 
chelation of the DTPA molecules, leading to a mixture of bidentate and monodentate 
adsorbates in the SAM.  The monodentate DTPA molecules have freedom of rotation 
about the Au-S bond, which imparts flexibility on the Au-S-P bond angles to allow dense 
packing of the chains.  As in RSH SAMs, the van der Waals interactions between alkyl 
groups increase with increasing chain length: (C16)2DTPA SAMs have crystalline chains 
similar to those of a C16SH SAM, although the packing density is slightly lower.33,34  In 
contrast, gold films formed by template-stripping (TS) provide an ultrasmooth surface 
comprised of larger grains of ~200 nm, separated by shallower grain boundaries of ~1.5 
nm, which do not disrupt the chelation of the DTPA molecules.  In these SAMs, bidentate 
DTPA molecules prevent rotation about the Au-S bonds and fix the Au-S-P bond angles.  
As the length of the alkyl chains increases, steric demands of the chains and the 
tetrahedral geometry at phosphorus prevent the alkyl chains from packing closely, 
limiting van der Waals interactions between alkyl chains and making the alkyl layer 
disordered and loosely packed.33,35 
The synthesis of DTPA molecules is flexible, and it allows for the introduction of two 
different pendant groups on the phosphorus atom.  We have previously synthesized 
unsymmetrical R1R2DTPAs (R1R2DTPA, R1 = C6 or C10, R2 = C16) and used them as 
adsorbates in SAM formation on As-Dep gold films.  R1R2DTPA SAMs are loosely 
packed and disordered and exhibit uniform mixing of the two dissimilar chains at the 
molecular level.  However, there are structural differences between the two R1R2DTPA 
SAMs caused by the length of the short alkyl substituent:  The decyl chains of the 
C10C16DTPA molecules are long enough to establish sufficient van der Waals interactions 
in the region close to the As-Dep gold substrate to stabilize the structure of C10C16DTPA 
SAM.  This SAM is comprised of a packed alkyl layer in a zone close to the substrate and 
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a disordered layer composed of the hexadecyl chains protruding above this zone.  In 
contrast, the hexyl chains of the C6C16DTPA molecules are too short to cause enough van 
der Waals interactions to stabilize the structure of C6C16DTPA SAM.  This SAM exhibits 
low molecular packing density, in which the hexadecyl chains lie down to fill the gaps 
between adjacent adsorbates.36 
In this paper, we introduce SAMs formed from unsymmetrical DTPA adsorbates that 
bear a -conjugated substituent (a phenyl group) and an alkyl substituent.  These 
unsymmetrical DTPA adsorbates are PhC6DTPA, PhC10DTPA and PhC16DTPA (Figure 
5.2).  We chose to incorporate the phenyl substituent to allow for electron delocalization 
along one branch of the molecule to provide a low-barrier path for electron transport, 
making them suitable for molecular junction studies.  We are currently studying EGaIn 
junctions formed from Ph2DTPA SAMs; the work presented here is designed to 
determine the feasibility of unsymmetrical PhRDTPA adsorbates for comparative 
molecular junction studies.  We show that the alkyl chains in PhRDTPA SAMs can either 
bury or expose the phenyl moieties, which will ultimately change the transport properties 
of the SAMs.  We compare the packing densities and electrochemical impedance of 
PhRDTPA SAMs on As-Dep gold and on TS gold surfaces, and relate these properties to 
the chelation of the DTPA molecules. 
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Figure 5.2.  Structures of (a) PhC6DTPA, (b) PhC10DTPA and (c) PhC16DTPA. 
 
5.2. Experimental Section 
 
All chemicals were purchased commercially and used as received.  Anhydrous 
tetrahydrofuran and diethyl ether were obtained from an Innovative Technologies solvent 
purification system.  Nuclear magnetic resonance (NMR) spectroscopic data were 
obtained and recorded on a Bruker Avance 300 MHz or a Bruker Avance 300 MHz 
Ultrashield at room temperature, and shifts are reported in parts per million (ppm).  
31P{1H} NMR spectra were referenced externally to 85 % H3PO4 (δ = 0 ppm).  1H NMR 
spectra were referenced to residual proton peaks of CDCl3 (δ = 7.27 ppm).  13C{1H} 
NMR spectra were referenced to CDCl3 (δ = 77.0 ppm).  The 31P, 1H and 13C NMR 
spectra are presented in Figure S5.1 in Supporting Information. 
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5.2.1. Synthesis of PhRP(O)H 
 
The synthesis of PhRP(O)H (R = C6H13, C10H21, C16H33) begins with a Hewitt 
reaction37 of phenylphosphinic acid with ethyl chloroformate and pyridine to produce 
(Ph)(OEt)P(O)H in quantitative yields.  Grignard substitution of the OEt group with 
C6H13, C10H21 or C16H33 chain was performed using the method of Guoxin et al,38 with 
the exception of using 2 equivalents of Grignard reagent and refluxing the reaction in 
tetrahydrofuran for 48 hrs to yield PhC6P(O)H, PhC10P(O)H and PhC16P(O)H in 
quantitative yields. 
(C6)(Ph)P(O)H.  31P{1H}NMR (CDCl3, 121 MHz, 298 K):  28.6.  1H NMR (CDCl3, 300 
MHz, 298 K):  7.45 (d, |1JP-H| = 464 Hz, 1H, PH), 7.71–7.64 (m, 2H, CH phenyl), 7.55–
7.47 (m, 3H, CH phenyl), 1.99–1.93 (m, 2H, PCH2), 1.62–1.53 (m, 2H, PCH2CH2), 1.39–
1.25 (m, 2H, PCH2CH2CH2), 1.25–1.23 (m, 4H, CH2), 0.84 (t, |3JH-H| = 5.37 Hz, 3H, 
CH3).  13C{1H} NMR (CDCl3, 75 MHz, 298 K):  132.3 (s, 1C, CH phenyl), 131.6 (s, 
1C, CH phenyl), 129.8 (s, 1C, CH phenyl), 129.6 (s, 1C, CH phenyl), 128.9 (s, 1C, CH 
phenyl), 128.7 (s, 1C, CH phenyl), 31.1 (s, 1C, CH2), 30.1 (d, |1JP-C| = 13.5 Hz, 1C, CH2), 
29.7 (s, 1C, CH2), 22.2 (s, 1C, CH2), 21.3 (s, 1C, CH2), 13.9 (s, 1C, CH3). 
(C10)(Ph)P(O)H.  31P{1H}NMR (CDCl3, 121 MHz, 298 K):  28.9.  1H NMR (CDCl3, 
300 MHz, 298 K):  7.42 (d, |1JP-H| = 465 Hz, 1H, PH), 7.67–7.61 (m, 2H, CH phenyl), 
7.49–7.34 (m, 3H, CH phenyl), 1.95–1.93 (m, 2H, PCH2), 1.55–1.49 (m, 2H, PCH2CH2), 
1.35–1.31 (m, 2H, PCH2CH2CH2), 1.19–1.05 (m, 12H, CH2), 0.80 (t, |3JH-H| = 6.03 Hz, 
3H, CH3).  13C{1H} NMR (CDCl3, 75 MHz, 298 K):  132.2 (s, 1C, CH phenyl), 131.5 
(s, 1C, CH phenyl), 129.8 (s, 1C, CH phenyl), 129.6 (s, 1C, CH phenyl), 128.8 (s, 1C, CH 
phenyl), 128.6 (s, 1C, CH phenyl), 31.7 (s, 1C, CH2), 30.4 (d, |1JP-C| = 17.1 Hz, 1C, CH2), 
29.2 (s, 5C, CH2), 22.5 (s, 1C, CH2), 21.3 (s, 1C, CH2), 13.9 (s, 1C, CH3). 
(C16)(Ph)P(O)H.  31P{1H}NMR (CDCl3, 121 MHz, 298 K):  28.2.  1H NMR (CDCl3, 
300 MHz, 298 K):  7.52 (d, |1JP-H| = 462 Hz, 1H, PH), 7.80–7.76 (m, 2H, CH phenyl), 
7.57–7.46 (m, 3H, CH phenyl), 2.00–1.82 (m, 2H, PCH2), 1.79–1.62 (m, 2H, PCH2CH2), 
1.45–1.38 (m, 2H, PCH2CH2CH2), 1.35–1.16 (m, 24H, CH2), 0.94 (t, |3JH-H| = 3.06 Hz, 
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3H, CH3).  13C{1H} NMR (CDCl3, 75 MHz, 298 K):  132.3 (s, 1C, CH phenyl), 131.6 
(s, 1C, CH phenyl), 129.6 (s, 1C, CH phenyl), 129.4 (s, 1C, CH phenyl), 129.0 (s, 1C, CH 
phenyl), 128.8 (s, 1C, CH phenyl), 31.9 (s, 1C, CH2), 29.5 (d, |1JP-C| = 24.3 Hz, 1C, CH2), 
29.1 (s, 11C, CH2), 22.7 (s, 1C, CH2), 21.4 (s, 1C, CH2), 14.1 (s, 1C, CH3). 
 
5.2.2. Synthesis of PhRDTPAs 
 
The reduction of phosphine oxide PhRP(O)H (R = C6H13, C10H21 or C16H33) with 
lithium aluminum hydride was performed according to Klaehn et al.39  The products were 
oxidized with sulfur flower according to Guoxin et al.38 to produce PhRDTPAs.  
PhC6DTPA, PhC10DTPA and PhC16DTPA were synthesized in 60%, 65% and 70% 
yields, respectively. 
(C6)(Ph)P(S)SH.  31P{1H}NMR (toluene, 121 MHz, 298 K):  60.0.  1H NMR (CDCl3, 
300 MHz, 298 K):  8.05–7.97 (m, 2H, CH phenyl), 7.55–7.51 (m, 3H, CH phenyl), 
2.45–2.41 (m, 2H, PCH2), 1.74–1.60 (m, 2H, PCH2CH2), 1.44–1.34 (m, 2H, 
PCH2CH2CH2), 1.29–1.22 (m, 4H, CH2), 0.86 (t, |3JH-H| = 6.66 Hz, 3H, CH3).  13C{1H} 
NMR (CDCl3, 75 MHz, 298 K):  132.1 (s, 1C, CH phenyl), 130.8 (s, 1C, CH phenyl) 
130.6 (s, 1C, CH phenyl), 128.8 (s, 1C, CH phenyl), 128.7 (s, 2C, CH phenyl), 41.0 (d, 
|1JP-C| = 54.6 Hz, 1C, PCH2), 31.3 (s, 1C, CH2), 29.9 (d, |2JP-C| = 23.6 Hz, 1C, PCH2CH2), 
23.2 (s, 1C, CH2), 22.5 (s, 1C, CH2), 14.1 (s, 1C, CH3). 
(C10)(Ph)P(S)SH.  31P{1H}NMR (toluene, 121 MHz, 298 K):  60.0.  1H NMR (CDCl3, 
300 MHz, 298 K):  8.05–7.97 (m, 2H, CH phenyl), 7.55–7.51 (m, 3H, CH phenyl), 
2.44–2.35 (m, 2H, PCH2), 1.73–1.62 (m, 2H, PCH2CH2), 1.39–1.35 (m, 2H, 
PCH2CH2CH2), 1.24 (m, 12H, CH2), 0.88 (t, |3JH-H| = 6.71 Hz, 3H, CH3).  13C{1H} NMR 
(CDCl3, 75 MHz, 298 K):  132.0 (s, 1C, CH phenyl), 130.6 (s, 1C, CH phenyl), 130.5 
(s, 1C, CH phenyl), 128.7 (s, 1C, CH phenyl), 128.5 (s, 2C, CH phenyl), 40.7 (d, |1JP-C| = 
54.9 Hz, 1C, PCH2), 31.8 (s, 1C, CH2), 30.1 (d, |2JP-C| = 18.1 Hz, 1C, PCH2CH2), 29.5–
29.0 (m, 4C, CH2) 23.1 (s, 1C, CH2), 22.6 (s, 1C, CH2), 14.1 (s, 1C, CH3). 
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(C16)(Ph)P(S)SH.  31P{1H}NMR (toluene, 121 MHz, 298 K):  60.1.  1H NMR (CDCl3, 
300 MHz, 298 K):  8.05–7.97 (m, 2H, CH phenyl), 7.55–7.49 (m, 3H, CH phenyl), 
2.44–2.34 (m, 2H, PCH2), 1.73–1.59 (m, 2H, PCH2CH2), 1.37–1.34 (m, 2H, 
PCH2CH2CH2), 1.25–1.23 (m, 24H, CH2), 0.88 (t, |3JH-H| = 6.63 Hz, 3H, CH3).  13C{1H} 
NMR (CDCl3, 75 MHz, 298 K):  132.0 (s, 1C, CH phenyl), 130.6 (s, 1C, CH phenyl), 
130.5 (s, 1C, CH phenyl), 128.7 (s, 1C, CH phenyl), 128.5 (s, 2C, CH phenyl), 40.7 (d, 
|1JP-C| = 55.1 Hz, 1C, PCH2), 31.9 (s, 1C, CH2), 30.1 (d, |2JP-C| = 17.9 Hz, 1C, PCH2CH2), 
29.6–29.0 (m, 10C, CH2) 23.1 (s, 1C, CH2), 22.7 (s, 1C, CH2), 14.1 (s, 1C, CH3). 
 
5.2.3. Gold Substrate Preparation and SAM Formation 
 
Gold substrate preparation.  As deposited (As-Dep) gold films were prepared by 
depositing 2 nm of titanium as an adhesion promoter onto silicon wafers, followed by 
200 nm of gold, using an electron-beam evaporator.  Template-stripped (TS) gold films 
were prepared according to published procedures.40  To minimize surface contamination, 
the As-Dep and TS gold films were used immediately after their fabrication to form 
SAMs. 
SAM formation.  Approximately 2 cm × 2 cm TS and As-Dep gold substrates were 
immersed into a 1 mM PhRDTPA (R = C6, C10 or C16) solutions in anhydrous toluene for 
24 hrs.  The substrates were then removed from solution, rinsed with anhydrous toluene 
and dried under a stream of nitrogen. 
 
5.2.4. Characterization 
 
X-ray photoelectron spectroscopy (XPS).  XPS spectra were collected at Surface 
Science Western (London, Ontario, Canada) using a Kratos Axis Nova X-ray 
photoelectron spectrometer with a monochromatic Al K source.  The detection limit of 
the instrument is 0.1–0.5 at.%.  Both survey-scan and high-resolution analyses were 
carried out over a 300 μm × 700 μm scan area.  Survey-scan analyses were carried out 
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with a pass energy of 160 eV, and high-resolution analyses were carried out with a pass 
energy of 20 eV.  Samples were analyzed at a 30° takeoff angle (60° tilt). High-resolution 
sulfur line shapes were fit using pair(s) of spin–orbit split components (2p3/2 and 2p1/2) 
assuming a Gaussian/Lorentzian (70%:30%) line shape and a fixed splitting energy of 
1.18 eV with a 2:1 area ratio.41 
Infrared Spectroscopy.  Reflection–absorption infrared (RAIR) spectra were collected 
using a Bruker IFS 66v/S spectrometer in single reflection mode equipped with a 
mercury cadmium telluride (MCT) detector and Harrick Autoseagull accessory.  The p-
polarized light was incident at 85° from the surface normal, and 1024 scans were 
collected at a resolution of 2 cm-1. 
Contact Angle Measurements.  Water and hexadecane contact angles were measured 
with a Ramé-Hart contact angle goniometer equipped with a microlitre syringe.  In each 
case, at least three drops from each of three samples were averaged. 
Electrochemical Impedance Spectroscopy (EIS).  EIS spectra were collected using a 
BAS-Zahner IM6 ex impedance unit.  A glass cell equipped with a calomel/saturated KCl 
reference electrode and a 1.0-mm Pt wire counter electrode was clamped to the working 
electrode, a 0.95-cm2 area of the SAM on gold, and then filled with an aqueous solution 
of 1 mM K3Fe(CN)6, 1 mM K4Fe(CN)6·3H2O, and 10 mM Na2SO4.  The measurements 
were made at an open-circuit potential set at ~420 mV with a 5 mV ac perturbation that 
was controlled from 100 mHz to 100 kHz.  The current response was measured, which is 
normalized to the area of the working electrode.  The impedance data was fitted with an 
appropriate circuit model to provide values for the resistance and the capacitance of the 
SAM. 
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5.3. Results and Discussion 
 
5.3.1. PhRDTPA Synthesis and SAM Formation 
 
We synthesized PhRDTPAs beginning with a Hewitt reaction of phenylphosphinic 
acid to yield ethyl phenylphosphinate Ph(OEt)P(O)H, which was then reacted with the 
appropriate Grignard reagent (C6MgBr, C10MgBr or C16MgBr) to form the 
unsymmetrical phenylalkylphosphine oxide PhRP(O)H.  Reduction with 
diisobutylaluminum hydride then generated the unsymmetrical secondary phosphine,42 
and oxidation with elemental sulfur provided the unsymmetrical PhRDTPAs in 60–70% 
yields (Scheme 5.1).  We prepared TS gold films by template stripping40 and As-Dep 
gold films by electron-beam evaporation on silicon wafers, and then used them to prepare 
SAMs of these adsorbates by immersing the substrates into 1 mM solutions of the 
PhRDTPAs in toluene for 24 h.  After SAM formation, the substrates were removed from 
solution, rinsed with anhydrous toluene and dried under a stream of nitrogen. Contact-
mode atomic force microscopic (AFM) images of the substrates prior to SAM formation, 
showed similar morphologies to those of previous work:33,40  The As-Dep gold is 
composed of grain sizes of ~50 nm with grain boundaries ~7 nm in depth, the TS gold is 
composed of larger grain sizes of ~200 nm with shallower grain boundaries of ~1.5 nm 
(Figure S5.2, Supporting Information).   
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Scheme 5.1.  Synthesis of PhRDTPA adsorbates. 
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5.3.2. Binding of the PhRDTPA Headgroups 
 
XPS survey scans of PhC6DTPA, PhC10DTPA and PhC16DTPA SAMs on TS and As-
Dep gold films (Figure S5.3, Supporting Information) detected carbon, sulfur, 
phosphorus and gold, consistent with SAM formation.  Oxygen was also detected in the 
survey scans.  The electronic environment at sulfur affects the S 2p binding energies 
(BEs) due to the nature of the Au–S interaction.  High resolution XPS (HR-XPS) of S 2p 
region can distinguish between sulfur species chemisorbed to gold (S 2p3/2 BE ~161 eV), 
sulfur species not interacting with gold (S 2p3/2 BE ~163 eV), and oxidized sulfur 
adsorbates (S 2p3/2 BE ~167-169 eV).43,44  HR-XPS spectra of the S 2p region of the 
PhRDTPA SAMs on TS and As-Dep gold surfaces showed line shapes that we fit using 
pairs of S 2p3/2 and S 2p1/2 spin–orbit-split components by assuming a 
Gaussian/Lorentzian (70%:30%) line shape and a splitting energy fixed at 1.18 eV 
(Figure 5.3). 
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Figure 5.3.  HR-XPS spectra of the S 2p region of PhRDTPA SAM series on As-Dep 
gold (left column) and TS gold (right column): (a) and (b) PhC6DTPA, (c) and (d) 
PhC10DTPA, (e) and (f) PhC16DTPA. 
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Table 5.1 shows the S 2p3/2 binding energies of the fitted peaks, assignments of these 
peaks, and the ratio of chemisorbed and non-interacting sulfur species for PhRDTPA 
SAMs.  Each of the PhRDTPA SAMs on As-Dep gold show S 2p3/2 peaks corresponding 
to chemisorbed (~161 eV) and non-interacting (~163 eV) sulfur species.  This mixture of 
binding modes is consistent with previously reported SAMs of R2DTPA and R1R2DTPA 
molecules on As-Dep gold.33,34,36  For all of these SAMs, the deep grain boundaries 
present in As-Dep gold40,45-47 disrupt the chelation of the DTPA adsorbates to produce the 
mixture of monodentate and bidentate adsorbates.  The HR-XPS spectrum of PhC6DTPA 
SAM on As-Dep gold also shows the presence of oxidized sulfur atoms at 168.9 eV, 
indicating that oxygen likely penetrates the SAM and oxidizes the sulfur atoms of the 
headgroup.  In contrast, neither PhC10DTPA nor PhC16DTPA SAMs show oxidized 
sulfur species.  The fact that the short hexyl chain does not block oxygen from 
penetrating the SAM was also observed for SAMs formed from (C6)2DTPA.34  It is 
interesting, however, that the S 2p HR-XPS spectrum of the  PhC10DTPA SAM on As-
Dep gold does not show evidence of oxidized sulfur species, considering that oxidized 
sulfur species were detected in (C10)2DTPA SAMs.34  This result indicates that the phenyl 
group protects the sulfur atoms from oxidation better than the decyl group, which may be 
due to sterics of the phenyl group and its position close to the sulfur atoms of the 
headgroup.   
PhRDTPA SAMs on TS gold showed the presence of only one sulfur species with a 
BE ~161 eV, indicating that all of the PhRDTPA adsorbates in the SAMs chelate to the 
TS gold surface.  For all PhRDTPA SAMs on TS gold, the HR-XPS spectra also do not 
show peaks due to oxidized sulfur species (~167-169 eV).  These results are consistent 
with previous observations of R2DTPA SAMs on TS gold, in which all adsorbates chelate 
to the gold surface and the headgroup is protected from oxidation for all alkyl chain 
lengths (from C6 to C16).35  Chelation of DTPA molecules on TS gold thus appears to 
prevent the oxidation of the sulfur atoms, even for adsorbates with short alkyl chains.  
This absence of oxidized species leads to the conclusion that chelation of the sulfur atoms 
to gold likely prevents reaction with oxygen.  Accordingly, on As-Dep gold, it is the non-
interacting sulfur atoms that may be susceptible to oxidation. 
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Table 5.1.  S 2p3/2 Binding Energies and the Ratio of Chemisorbed : Non-interacting S 
species of PhRDTPA SAMs on As-Dep gold and TS gold. 
 S 2p3/2 Binding Energies (eV)[a] 
 PhRDTPA SAMs on As-Dep 
gold 
PhRDTPA SAMs on TS gold 
 PhC6 PhC10 PhC16 PhC6 PhC10 PhC16 
Chemisorbed S 
(blue) 
161.8 161.4 161.5 161.2 161.2 161.3 
Non-interacting S 
(red) 
163.4 162.7 162.4 - - - 
Oxidized S (green) 168.9 - - - - - 
Ratio of 
chemisorbed : 
non-interacting S 
75:8 92:8 74:26 100:0 100:0 100:0 
[a] Colours refer to the fitted peaks in Figure 5.3. 
 
5.3.3. Organization of the Alkyl Chains 
 
Reflection-absorption infrared (RAIR) spectra of the C–H stretching region of 
PhRDTPA SAMs on both As-Dep and TS gold show that the alkyl groups of PhC6DTPA, 
PhC10DTPA, and PhC16DTPA SAMs are liquid-like and disordered, consistent with loose 
alkyl group packing (Figure 5.4).  For all PhRDTPA SAMs on both substrates, the peak 
positions of the as(CH2) and s(CH2) stretches appear at ~2925 cm-1 and ~2855 cm-1, 
respectively, indicating that the alkyl chains in the PhRDTPA SAMs are liquid-like 
(Table 5.2).  The phenyl moiety is a spacer between alkyl groups, which disrupts van der 
Waals interactions between adjacent alkyl chains, causing them to be loosely-packed and 
liquid-like.  Similarly, the RAIR spectra of C6C16DTPA and C10C16DTPA SAMs on As-
Dep gold, in which the shorter alkyl chains act as a spacer between hexadecyl groups, 
also show liquid-like alkyl chains.36  The full width at half-maximum (fwhm) of 
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methylene C−H stretching peaks provide information about the uniformity of the 
orientation of the CH2 groups (Table 5.2).  The well-packed, crystalline alkyl chains of a 
(C16)2DTPA SAM on As-Dep gold exhibit as(CH2) and s(CH2) peaks with a fwhm of 
12.20 cm-1 and 7.42 cm-1, respectively.36  In contrast, the fwhm of the as(CH2) and 
s(CH2) peaks of PhRDTPA SAMs on As-Dep and TS gold are 4–10 cm-1 larger.  The 
breadths of as(CH2) and s(CH2) peaks of the PhRDTPA SAMs are similar to those of 
the C6C16DTPA (18.80 cm-1 and 12.48 cm-1, respectively) and C10C16DTPA (17.80 cm-1 
and 12.65 cm-1, respectively) SAMs, consistent with liquid-like and disordered chains.36 
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Figure 5.4.  RAIR spectra of the PhC16- (green), PhC10- (blue), and PhC6DTPA (red) on 
(a) As-Dep gold and (b) TS gold. Dashed lines indicate the positions of crystalline 
as(CH2) and s(CH2) (2918 and 2850 cm-1, respectively). 
 
Figure 5.4 shows that the peak intensities of PhRDTPA SAMs on TS gold are 
markedly lower than those of PhRDTPA SAMs on As-Dep gold.  Low peak intensities in 
RAIR spectra may be caused by two factors:  The PhRDTPA adsorbates on TS gold may 
be less densely packed than PhRDTPA adsorbates on As-Dep gold.  A second possibility 
is that the alkyl chains of PhRDTPA SAMs on TS gold may be less tilted from the 
surface normal than those of the PhRDTPA SAMs on As-Dep gold, which would 
decrease the intensities of methylene C-H stretching peaks according to the surface 
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selection rule.  It is most likely, however, that the low intensities observed for PhRDTPA 
SAMs on TS gold are due to low molecular packing density in the SAM.  Chelated 
DTPA headgroups are anchored at two points and thus are not free to tilt and rotate, 
causing the headgroup to be more rigid than the monodentate DTPA adsorbates found on 
As-Dep gold.  Chelation does not allow the adsorbates to pack densely,33,35 causing the 
RAIRS intensities in PhRDTPA SAMs on TS gold to be lower compared to those of 
PhRDTPA SAMs on As-Dep gold. 
 
Table 5.2.  as(CH2) and s(CH2) peak positions, fwhm,  and water contact angles[a] of 
PhRDTPA SAMs on As-Dep and TS gold films.  
 As-Dep gold TS gold 
DTPA 
SAMs 
as 
(CH2) 
(cm-1) 
s 
(CH2) 
(cm-1) 
as 
(CH2) 
fwhm 
(cm-1)
s 
(CH2) 
fwhm 
(cm-1)
(H2O)
[a] (°) 
as 
(CH2) 
(cm-1)
s 
(CH2) 
(cm-1)
as 
(CH2) 
fwhm 
(cm-1) 
s 
(CH2) 
fwhm 
(cm-1) 
(H2O)
[a] (°) 
PhC6 2925 2853 18.99 15.98
75.6 ± 
2.6 
2925 2855 17.33 11.66 
75.6 ± 
3.5 
PhC10 2926 2855 19.68 13.93
94.6 ± 
3.4 
2926 2855 19.38 14.64 
84.8 ± 
3.2 
PhC16 2926 2855 21.62 15.29
94.3 ± 
3.3 
2926 2855 17.94 13.42 
85.6 ± 
2.5 
[a] a(HD) is < 15° for all PhRDTPA SAMs on both substrates. 
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On both substrates, hexadecane and water contact angle measurements are consistent 
with loose alkyl group packing brought on by the phenyl spacer (Table 5.2).  Hexadecane 
wets the surface of PhRDTPA SAMs on both substrates, indicating that it detects exposed 
methylene groups in the SAM due to loosely-packed, disordered alkyl chains.  In 
contrast, hexadecane gives a measureable contact angle on well-packed, methyl 
terminated surfaces such as (C16)2DTPA SAMs (42.6 ± 1.9°).34  Water contact angles on 
PhRDTPA SAMs are also lower than on a well-packed (C16)2DTPA SAM (102.3 ± 
0.7°).36  Furthermore, a comparison of water contact angles of PhRDTPA SAMs on As-
Dep and TS gold supports the differences in packing densities indicated by RAIRS 
intensities.  For PhC16DTPA and PhC10DTPA SAMs, water contact angles on TS gold 
are ~10° lower than on As-Dep gold.  However, we cannot distinguish packing density 
differences between PhC6DTPA SAMs, likely because the H2O drop interacts with the 
gold substrate through these SAMs due to the short alkyl chain.  This effect has 
previously been noted for other SAMs with short alkyl chains, such as (C6)2DTPA and 
C6SH.34,48 
 
5.3.4. Electrochemical Barrier Properties 
 
Electrochemical impedance spectroscopy (EIS) is a sensitive method to probe 
differences in the organization of alkyl chains of SAMs.  The resistance of the SAM to 
the diffusion of a redox probe to the underlying metal surface (RSAM) depends on the 
packing density of alkyl chains and the presence of defects in the SAMs.49-51  We obtain 
the complex impedance of the SAM by applying a sinusoidal ac perturbation at a 
frequency range of 100 mHz to 100 kHz and measuring the current response.  Fitting an 
appropriate circuit model to the impedance data yields values for the resistance (RSAM) 
and the capacitance (CSAM) of the SAM.  CSAM is inversely proportional to the SAM 
thickness (dSAM) using the equation 
SAM
0
SAM C
d 
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where dSAM is the SAM thickness in Angstroms (Å), CSAM is the SAM capacitance per 
area in F m-2,  is the SAM dielectric constant (measured to be 2.1 for C16SH and C18SH 
SAMs on gold using surface plasmon resonance52) and 0 is the permittivity of free space 
(8.854×10-12 F m-1).  We collected impedance spectra of PhRDTPA SAMs using an 
aqueous K4Fe(CN)6/K3Fe(CN)6 solution as the redox probe.  Figure 5.5 shows the 
impedance spectra in the form of Bode magnitude plots.  In the low frequency region of 
the Bode plots, the impedance modulus corresponds to the resistance the SAM provides 
against diffusion of the redox probe.  The Bode plots reveal that the resistances against 
the diffusion of the redox probe of PhC6DTPA and PhC10DTPA SAMs are similar on 
both TS and As-Dep gold surfaces.  In contrast, the resistance of the PhC16DTPA SAM is 
significantly higher on As-Dep gold than on TS gold.  Nyquist plots of the PhRDTPA 
SAMs on both As-Dep and TS gold show Warburg lines at low frequencies, indicating 
that defects are present in all of these SAMs that permit the diffusion of the redox probe 
ion through the SAM to the underlying gold (Figure 5.6).  It is likely that the phenyl 
spacer does not allow the SAMs to have a well packed core, in contrast to the C10 spacer 
group in C10C16DTPA SAM.36  We fit the PhRDTPA SAMs electrochemical data with a 
circuit model consisting of a solution resistance (RSolution) in series with a parallel coating 
capacitance (CSAM) and Faradaic impedance, which is composed of the charge transfer 
resistance (RSAM) in series with a Warburg element (Figure 5.7). 
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Figure 5.5.  EIS Bode plots of PhC6DTPA (red), PhC10DTPA (blue), and PhC16DTPA 
(green) SAMs on (a) As-Dep gold and (b) TS gold. 
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Figure 5.6.  EIS Nyquist plots of PhC6DTPA (red), PhC10DTPA (blue) and PhC16DTPA 
(green) on (a) As-Dep and (b) TS gold. 
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Figure 5.7.  Randles equivalent circuit with Warburg element used for fitting the 
electrochemical data of PhRDTPA SAMs on As-Dep and TS gold. 
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Figure 5.8.  (a) Resistance and (b) Calculated thickness values of PhRDTPA SAMs on 
As-Dep (red circles) and TS gold films (blue triangles). 
 
The resistance and calculated thickness values derived from circuit modeling are 
plotted in Figure 5.8.  PhRDTPA SAMs follow the expected trend on As-Dep gold:  As 
the length of the alkyl chain increases, so does the thickness of the SAM, and 
consequently, its resistance.  These PhRDTPA SAMs are generally thinner than R2DTPA 
SAMs,34 indicating that the phenyl spacer makes the alkyl chains liquid-like and they are 
not trans-extended.  On TS gold, however, PhRDTPA SAMs do not follow the same 
trend.  First, the thicknesses of all three PhRDTPA SAMs are similar, indicating that 
alkyl chains must lie close to the substrate.  This effect implies that the packing density 
Self-Assembled Monolayers of Unsymmetrical Dithiophosphinic Acids Bearing Phenyl 
and Alkyl Groups 
186 
decreases as R increases, which has previously been reported for R2DTPA SAMs on TS 
gold.35  Second, as the length of the alkyl chain increases, these SAMs do not exhibit a 
consistent increase in the resistance; rather, there is just a slight increase in resistance 
from the PhC6DTPA SAM to the PhC10DTPA SAM.  Taken together, the resistance and 
thickness data are consistent with a model for PhRDTPA SAMs on TS gold in which the 
alkyl chains lie down between the adsorbates.  This model is consistent with the low 
packing densities indicated by RAIRS intensities and water contact angles.  It also 
explains why the differences in resistance and thickness of PhRDTPA SAMs on As-Dep 
and TS substrates are most pronounced for the hexadecyl substituent:  The steric 
demands of the hexadecyl chain should cause the greatest differential in packing density 
between TS and As-Dep gold.  The thickness of PhC16DTPA SAM on As-Dep gold is 
almost double that of the PhC16DTPA SAM on TS gold, and its resistance is one order of 
magnitude higher. 
 
5.4. Conclusions 
 
PhRDTPA adsorbates bind exclusively in bidentate fashion on TS gold, and exhibit 
mixed bidentate and monodentate binding modes on As-Dep gold.  These results are 
consistent with the binding modes found in dialkyl DTPA SAMs on these two substrates.  
The alkyl chains in the PhRDTPA SAMs are liquid-like and disordered due to the phenyl 
moiety, which acts as a spacer between the alkyl chains and prevents the van der Waals 
interactions between alkyl chains necessary to stabilize a trans-extended conformation.  
Comparing SAMs on As-Dep and TS gold, we find that the packing density of the alkyl 
chains is lowest for the SAMs on TS gold, in which the alkyl chains lie close to the 
substrate.  We speculate that the PhRDTPA SAMs on TS gold are suitable for junction 
measurements for two reasons:  First, molecular junctions formed on TS gold are known 
to give higher device yields than those formed on As-Dep gold.  The flat surface of TS 
gold means there is a greater likelihood of creating junctions in areas with few SAM 
defects.  In contrast, SAMs on As-Dep gold tend to have defects associated with the deep, 
numerous grain boundaries of the gold, which leads to device variability and shorted 
Self-Assembled Monolayers of Unsymmetrical Dithiophosphinic Acids Bearing Phenyl 
and Alkyl Groups 
187 
junctions.14  Second, the alkyl chains in SAMs on TS gold may only minimally obscure 
the phenyl moieties, which would allow the top electrode to contact the phenyl group.  
The alkyl chains provide a means to control the density of the phenyl group; in addition, 
the alkyl chains compensate for the decrease in molecular density by filling in the voids 
between the adsorbates, which may prevent electrical shorting. 
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5.6. Supporting Information 
 
Nuclear magnetic resonance (NMR) spectroscopic data were obtained and recorded 
on a Bruker Avance 300 MHz or a Bruker Avance 300 MHz Ultrashield at room 
temperature, and shifts are reported in parts per million (ppm).  31P NMR spectra were 
referenced externally to 85 % H3PO4 (δ = 0 ppm).  1H NMR spectra were referenced to 
residual proton peaks of CDCl3 (δ = 7.27 ppm).  13C NMR spectra were referenced to 
CDCl3 (δ = 77.0 ppm). The NMR spectra are shown below.  Residual peaks in 1H NMR 
include: ~3.50 ppm (ethanol or isopropanol), and ~0.00 ppm (grease).  A peak indicative 
of residual diethyl ether is present in the 13C NMR PhC16DTPA spectrum. 
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Figure S5.1.  31P, 1H and 13C NMR Data of (a) PhC6DTPA, (b) PhC10DTPA, (c) 
PhC16DTPA. 
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Figure S5.2.  AFM topographic images in contact mode of (a) As-Dep and (b) TS gold 
films. 
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Figure S5.3.  XPS survey spectra of PhRDTPA SAMs on As-Dep and TS gold.  < 1% 
Na was detected in PhC10DTPA in As-Dep gold, which came from Na2SO4 drying agent. 
 
Table S5.1.  Calculated resistance and thickness values for PhRDTPA SAMs. 
 As-Dep gold TS gold 
SAMs 
Resistance 
( cm2) Thickness (Å) 
Resistance 
( cm2) Thickness (Å) 
PhC6DTPA 
(1.05 ± 0.18) × 
102 
3.36 ± 0.17 
(1.95 ± 1.09) × 
102 
3.33 ± 0.18 
PhC10DTPA 
(5.63 ± 2.28) × 
102 
4.58 ± 0.80 
(5.64 ± 2.55) × 
102 
3.94 ± 0.20 
PhC16DTPA 
(3.68 ± 4.57) × 
103 
8.15 ± 0.74 
(4.71 ± 2.53) × 
102 
4.36 ± 0.20 
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6.1. Introduction 
 
In densely-packed, well-ordered self-assembled monolayers (SAMs), the interfacial 
properties come from the tail groups of the adsorbates.  For example, long chain CH3-
terminated n-alkanethiol (RSH) SAMs expose densely-packed CH3 groups to form a 
hydrophobic interface, while OH-terminated RSH SAMs expose hydroxyl-terminated 
hydrophilic surfaces.  Since the introduction of SAMs, researchers have been motivated 
to create SAMs with a range of interfacial properties, such as surface wettabilities and 
frictional coefficients.  Furthermore, many applications need SAMs that present with a 
mixture of functionalities at the surface.  Examples include molecular electronics1-7, 
surfaces designed for molecular sensing8 and the fabrication of model biological 
surfaces.9,10 
One method to create surfaces with specific interfacial properties is to mix dissimilar 
R1SH and R2SH adsorbates in solution in order to produce a mixed SAM that has the 
combined properties of the two adsorbates.  Using a mixture of long and short chain 
alkanethiolates (RlongSH and RshortSH) to form SAMs produces a structure consisting of a 
densely packed region near the substrate and a second, disordered region on top due to 
the protruding portion of the RlongSH.  These SAMs have frictional coefficients and 
wettabilities that are distinct from SAMs formed from pure RlongSH or pure RshortSH.  
Unfortunately, thermodynamics dictate that the adsorption of the longer chain is 
preferred,11 giving a SAM composition that is not equal to the mixed solution 
composition of the adsorbates.  In addition, phase segregation into microscopic islands is 
observed particularly when the chain in RlongSH is more than 4 carbon atoms longer than 
the chain in RshortSH.12-14  The problem of preferential adsorption of a particular 
component and difficulties with homogenous mixing can be exacerbated in SAMs 
formed from two thiols with identical chain lengths bearing different terminal groups 
(R1SH and R2SH).  Here, the interfacial properties are dictated by the specific 
interactions between the tail groups.  Combining adsorbates with tail groups of opposite 
polarities such as CH3 and OH in various solution ratios results in SAMs with phase 
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segregated regions,15 and surface wettabilities strongly deviating from ideal mixing 
behaviours.16  The situation is even worse in SAMs formed from adsorbates with 
different chain lengths and tail groups with different polarities.  SAMs formed using 
varying solution ratios of such adsorbate mixtures show abrupt thickness and wettability 
transitions, indicating that there is only a narrow range of concentrations through which 
the adsorbates can mix in the SAM, therefore limiting the surface tunability.11,12  
Recently, mixing R1SH/R2SH adsorbates with CH3/CF3 terminal groups in solution has 
produced homogeneously mixed SAMs with a 50:50 mixture of the two components,17 
but this method is limited to small differences in the alkyl chain lengths. 
The difficulty in controlling the mixing of R1 and R2 chains and the resulting phase 
separation in SAMs formed from mixtures of R1SH and R2SH has prompted the use of 
adsorbates that have dissimilar chains attached to a common headgroup, such as 
unsymmetrical dialkylsulfides,18 dialkyldisulfides,19-23 spiroalkanedithiols 
[R1R2C(CH2SH)2],24,25 and dialkyldithiophosphinic acids (R1R2P(S)SH).26  
Unfortunately, the weaker dative interactions in dialkylsulfide SAMs result in 
significantly less stable monolayers than n-alkanethiol SAMs,18,27,28 and dialkyldisulfide 
SAMs with large differences in alkyl chain lengths exhibit the same preferential 
adsorption of the molecules with longer chains as is observed with mixed R1SH/R2SH 
SAMs.20  This problem is circumvented for dialkyldisulfide SAMs consisting of an alkyl 
chain and a semifluoroalkyl chain in the forms R1-[C(O)O-(CH2)2-S]2-R2 (R1 = CF9, R2 = 
Cn, n = 7–17), R1-[(CH2)2-C(O)O-(CH2)2-S]2-R2 (R1 = CF8, R2 = Cn, n = 10–17), and R1-
CO-NH-CO-(CH2)2-S–S-R2 (R1 = CF8, R2 = Cn, n = 12–18).  Although these SAMs show 
no evidence of phase segregation, it is possible that the sulfur–sulfur bond remains intact 
after the SAM formation due to the larger steric hindrance surrounding the disulfide 
bonds.21-23  In contrast, spiroalkanedithiols of the form R1R2C(CH2SH)2 (R1 = Cn, R2 = 
C15, n = 7–15) produce SAMs in which a 50:50 mixture of dissimilar alkyl groups are 
homogeneously mixed.  The SAMs are composed of a densely packed region close to the 
substrate and a disordered layer above this region.  The outer disordered layer dictates the 
frictional properties and wettabilities of the SAM, which are different compared to those 
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formed from symmetrical spiroalkanedithiols and n-alkanethiol SAMs.24,25  In addition, 
the chelating headgroup of spiroalkanedithiols generates SAMs that are more thermally 
stable than the singly ligated n-alkanethiol SAMs.29  Our research group has studied 
SAMs of unsymmetrical dithiophosphinic acids (R1R2DTPAs) with R1 = C6 and C10 and 
R2 = C16.26  SAMs formed from these adsorbates consist of uniformly mixed R1 and R2 
alkyl chains in a 50:50 ratio, in which the short chains act as spacer groups between the 
hexadecyl chains.  The hexyl chains in C6C16DTPA SAM are too short to provide enough 
van der Waals interactions and stabilize the SAM structure, resulting in low packing 
density of the C6C16DTPA molecules with the hexadecyl chains lying close to the 
substrate.  In contrast, the decyl chains are long enough to establish sufficient van der 
Waals interactions, which stabilize the C10C16DTPA SAM.  Its structure consists of a 
packed alkyl layer in a zone close to the substrate and a disordered layer composed of the 
protruding portion of the hexadecyl chains above this zone.26 
To date, there have only been a limited number of studies that feature adsorbates with 
chains bearing tail groups that differ in ways other than chain length.  Such adsorbates 
include [CH3-(CH2)10-CO-NH][CH3-Ph-SO2-O(CH2)6-NH-CO]CHCH2SH by Stirling et 
al,30 and [CH3-(CH2)13][CF3-(CF2)7-(CH2)9]CHCH2SH by Lee et al.31  In the former 
paper, the disulfide derivative of the branched adsorbate was also synthesized, which 
gives a less well-packed SAM than the thiol derivative.  However, the mixing of the two 
dissimilar chains was not discussed.30  In the latter paper, the semifluorinated branched 
thiol SAM is less densely packed and less conformationally ordered than the analogous 
RSH SAMs of the pure alkanethiol and semifluorinated alkanethiol, but the low contact 
angle hysteresis suggest that the branched thiol generates a SAM with homogeneous 
mixing of the two dissimilar chains.31 
In this paper, we incorporate an OH moiety as a tail group in symmetrical and 
unsymmetrical dialkyl DTPA adsorbates to produce (HO(CH2)11)2DTPA (1) and 
(HO(CH2)11)(C16)DTPA (2), and form SAMs using these new adsorbates.  We 
characterize these SAMs to determine the effect of the OH group on the packing of the 
alkyl groups in SAMs of 1 and 2, as well as the homogeneity of mixing of the OH-
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terminated chain with the long alkyl chain in the SAM of 2.  Although adsorbate 2 bears 
a significant difference in alkyl chain lengths and has tail groups of opposite polarities, 
we show using atomic force microscopy (AFM) that these dissimilar groups are 
homogeneously mixed in the SAM of 2.  Such homogeneous mixing of highly dissimilar 
chains is difficult to achieve using mixtures of alkanethiols.12 
 
6.2. Experimental Section 
 
All chemicals were purchased commercially and used as received.  Anhydrous 
tetrahydrofuran and diethyl ether were obtained from an Innovative Technologies solvent 
purification system.  Nuclear magnetic resonance (NMR) spectroscopic data were 
obtained and recorded on a Bruker Avance 300 MHz or a Bruker Avance 300 MHz 
Ultrashield at room temperature, and shifts are reported in parts per million (ppm).  
31P{1H} NMR spectra were referenced externally to 85 % H3PO4 (δ = 0 ppm).  1H NMR 
spectra were referenced to residual proton peaks of CDCl3 (δ = 7.27 ppm).  13C{1H} 
NMR spectra were referenced to CDCl3 (δ = 77.0 ppm).  The NMR spectra are presented 
in Figure S6.1 in Supporting Information. 
 
6.2.1. Synthesis of (THPOC11)2P(O)H 
 
The protection of 1-bromoundecanol (BrC11OH) to yield (1-
bromoundecyloxy)tetrahydropyran (BrC11OTHP) was described by Müller et al.32  The 
Grignard reagent (BrMgC11OTHP) was made in THF and was added in excess (~4 eq.) to 
a solution of diethyl phosphite and the mixture was left refluxing for 48 hrs.  Subsequent 
quenching, extracting and rinsing were performed according to Guoxin et al.33 to give 
symmetrical phosphine oxide (THPOC11)2P(O)H as a sticky white solid.  31P{1H}NMR 
(CDCl3, 121 MHz, 298 K):  35.5. 1H NMR (CDCl3, |3JH-H| = 300 MHz, 298 K):  6.84 
(d, |1JP-H| = 445 Hz, 1H, PH), 4.57 (s, 2H, OCHO), 3.86–3.35 (m, 8H, CH2O), 1.85–1.48 
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(m, 20H, CH2 THP, PCH2, CH2CH2O), 1.25–1.24 (m, 32H, CH2). 13C{1H} NMR (CDCl3, 
75 MHz, 298 K):  99.0 (s, 2C, OCHO), 67.8 (s, 2C, CH2O chain), 62.5 (s, 2C, CH2O 
THP), 32.0–19.8 (s, 26C, CH2 chain and THP). 
 
6.2.2. Synthesis of (THPOC11)(C16)P(O)H 
 
Ethyl (1-bromoundecyloxy)tetrahydropyran-H-phosphinate [(THPOC11)(OEt)P(O)H] 
was synthesized according to Petneházy et al.34 using BrMgC11OTHP in the Grignard 
reaction.  The unsymmetrical phosphine oxide (THPOC11)(C16)P(O)H was synthesized 
according to Guoxin et al.,33 with the exception of leaving the Grignard reaction 
refluxing for 48 hrs.  31P{1H}NMR (CDCl3, 121 MHz, 298 K):  35.5. 1H NMR (CDCl3, 
|3JH-H| = 300 MHz, 298 K):  6.86 (d, |1JP-H| = 445 Hz, 1H, PH), 4.57 (s, 1H, OCHO), 
3.90–3.35 (m, 4H, CH2O), 1.90–1.67 (m, 6H, CH2 THP), 1.65–1.41 (m, 4H, PCH2, 
CH2CH2O), 1.25 (m, 46H, CH2), 0.87 (t, |1JH-H| = 7.08 Hz, 3H, CH3). 13C{1H} NMR 
(CDCl3, 75 MHz, 298 K):  99.0 (s, 1C, OCHO), 67.8 (s, 1C, CH2O chain), 62.5 (s, 1C, 
CH2O THP), 32.0–19.8 (s, 28C, CH2 chain and THP), 14.2 (s, 1C, CH3). 
 
6.2.3. Synthesis of Nickel Complexed Tetrahydropyran THP-
Protected DTPAs 
 
The reduction of phosphine oxide precursors (THPOC11)2P(O)H or 
(THPOC11)(C16)P(O)H were performed according to Klaehn et al.35  The oxidation with 
sulfur flower and the Ni complexation were performed according to Guoxin et al.33  The 
Ni complexes [(THPOC11)2P(S)S]2Ni or [(THPOC11)(C16)P(S)S]2Ni were synthesized in 
50–60% yields.  The Ni complexes were then recrystallized in ethanol. 
[(THPOC11)2P(S)S]2Ni 31P{1H}NMR (CDCl3, 121 MHz, 298 K):  98.8. 
[(THPOC11)(C16)P(S)S]2Ni 31P{1H}NMR (CDCl3, 121 MHz, 298 K):  98.3. 
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6.2.4. Synthesis of OH-Functionalized DTPAs 1 and 2 
 
The tetrahydropyranyl group was removed following the method outlined by Weiss et 
al.36 but with a longer stirring time of 18h,  then the Ni was uncomplexed according to 
Guoxin et al.33 but with a longer stirring time of 18h to yield the OH-functionalized 
DTPAs (HO(CH2)11)2P(S)SH (1) (overall yield: 7%) and (HO(CH2)11)(C16)P(S)SH (2) 
(overall yield: 17%). 
Compound 1 31P{1H}NMR (toluene, 121 MHz, 298 K):  68.2. 1H NMR (CDCl3, |3JH-H| 
= 300 MHz, 298 K):  3.64–3.60 (m, 4H, CH2O), 2.29–2.26 (s, 2H, OH), 2.10–1.42 (m, 
8H, PCH2, CH2CH2O), 1.25 (m, 32H, CH2). 13C{1H} NMR (CDCl3, 75 MHz, 298 K):  
63.0 (s, 2C, CH2O), 32.8–22.7 (s, 20C, CH2). 
Compound 2 31P{1H}NMR (toluene, 121 MHz, 298 K):  68.0. 1H NMR (CDCl3, |3JH-H| 
= 300 MHz, 298 K):  3.44–3.38 (m, 2H, CH2O), 2.01 (s, 1H, OH), 1.78–1.40 (m, 6H, 
PCH2, CH2CH2O), 1.26 (m, 44H, CH2), 0.90 (t, |1JH-H| = 6.27 Hz, 3H, CH3). 13C{1H} 
NMR (CDCl3, 75 MHz, 298 K):  63.2 (s, 1C, CH2O), 32.9–22.8 (s, 25C, CH2), 14.2 (s, 
1C, CH3). 
 
6.2.5. Gold Substrate Preparation and SAM Formation 
 
Gold Substrate Preparation.  Gold films were produced by depositing 2 nm of 
titanium as an adhesion promoter onto silicon wafers, followed by ∼200 nm of gold, 
using an electron-beam evaporator. To minimize surface contamination, the gold films 
were used immediately after their fabrication to form SAMs. 
SAM Formation.  Approximately 2 cm × 2 cm gold substrates were immersed into a 
1mM 1 or 1mM 2 solutions in anhydrous toluene for 24 h.  Substrates were then removed 
from solution, rinsed with anhydrous toluene and dried under a stream of nitrogen. 
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6.2.6. Characterization 
 
Infrared Spectroscopy.  Reflection–absorption infrared (RAIR) spectra were collected 
using a Bruker IFS 66v/S spectrometer in single reflection mode equipped with a 
mercury cadmium telluride (MCT) detector and Harrick Autoseagull. The p-polarized 
light was incident at 85° from the surface normal, and 1024 scans were collected at a 
resolution of 2 cm-1. 
Contact Angle Measurements.  Contact angles were measured with a Ramé-Hart 
contact angle goniometer equipped with a  icroliter syringe. In each case, at least three 
drops from three samples were averaged. 
Electrochemical Impedance Spectroscopy (EIS).  EIS spectra were collected using a 
BAS-Zahner IM6 ex impedance unit.  A glass cell equipped with a calomel/saturated KCl 
reference electrode and a 1.0-mm Pt wire counter electrode was clamped to the working 
electrode, a 0.95-cm2 area of the SAM on gold, and then filled with an aqueous solution 
of 1mM K3Fe(CN)6, 1 mM K4Fe(CN)6·3H2O, and 10 mM Na2SO4. The measurements 
were made at an open-circuit potential set at ~420 mV with a 5 mV ac perturbation that 
was controlled from 50 mHz to 200 kHz.  The current response was measured, which is 
normalized to the area of the working electrode.  The impedance data was fitted with an 
appropriate circuit model to provide values for the resistance and the capacitance of the 
SAM. 
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6.3. Results and Discussions 
 
6.3.1. Synthesis of Hydroxyl-Terminated DTPAs 1 and 2 
 
The synthesis of (HO(CH2)11)2DTPA (1) and (HO(CH2)11)(C16)DTPA (2) begins with 
the preparation of the Grignard reagent of the protected alcohol 3.  For the synthesis of 1, 
we performed a Grignard reaction using 4 equivalents of 3 with diethyl phosphite to form 
the phosphine oxide 4.  Reduction with lithium aluminum hydride then generated the 
phosphine, and oxidation with elemental sulfur provided the crude product 5.  We 
complexed the crude product with NiSO4 and recrystallized the dark blue solid 6 in 
ethanol.  We then removed the tetrahydropyranyl group using a solution of 4:2:1 of acetic 
acid, THF and water to generate 7 in 60% yield, and decomplexed the Ni2+ with EDTA in 
NH4OH.  The organic product was acidified with HCl to yield 1 in 7% overall yield 
(Scheme 6.1). 
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Scheme 6.1.  Synthesis of (HO(CH2)11)2DTPA (1). 
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We synthesized compound 2 beginning with two sequential Grignard reactions, first 
reacting 1.5 equivalents of 3 with triethylphosphite for 3 h to form the THPO(CH2)11-
substituted phosphine oxide 8, and then reacting excess BrMgC16 with 8 to form the 
phosphine oxide 9.  Conversion of 9 to the unsymmetrical DTPA 2 followed the same 
reaction steps used to prepare 1 (with the Ni complex in 50% yield), and provided 2 in 
17% overall yield (Scheme 6.2).  The 31P, 1H and 13C NMR spectra of compounds 1 and 
2 are presented in Figure S6.1 in Supporting Information. 
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Scheme 6.2.  Synthesis of (HO(CH2)11)(C16)DTPA (2). 
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6.3.2. SAM Formation 
 
We prepared gold films by electron-beam evaporation on silicon wafers with a 
titanium adhesion layer and used them to prepare SAMs from 1 and 2 by immersing the 
gold substrates in 1 mM solutions of the adsorbate in toluene for 24 hrs.  Substrates were 
then removed from solution, rinsed with anhydrous toluene and dried under a stream of 
nitrogen. 
 
6.3.3. Organization of the Alkyl Chains 
 
Reflection-absorption infrared (RAIR) spectra of the C–H stretching region and 
contact angle data of SAMs of 1 and 2 are shown in Table 6.1, with those of (C12)2DTPA 
and C10C16DTPA SAMs for comparison.26,37  The SAM of 1 has similar as(CH2) and 
s(CH2) peak positions to a (C12)2DTPA SAM, indicating that the undecanol chains have 
similar crystallinity to the dodecyl chains and that the presence of the OH groups does 
not disrupt the packing of the chains.  The as(CH2) and s(CH2) peak positions of the 
SAM of 1 are also comparable to those of an analogous HO(CH2)11SH SAM (2921 cm-1 
and 2852 cm-1, respectively).19  Water and hexadecane contact angles of the SAM of 1 
are significantly lower than those of (C12)2DTPA, indicating that the presence of OH 
moieties at the terminal groups makes the surface hydrophilic.  However, the water 
contact angle reported for the HO(CH2)11SH SAM is ≤ 20°,12,19 which is markedly lower 
than that of the SAM of 1.  We attribute this discrepancy to the denser packing of the 
chains of HO(CH2)11SH, which exposes a dense layer of OH groups at the surface.  The 
alkyl chains of DTPAs are generally less dense than analogous RSH SAMs,37 therefore 
the water drops detect methylene groups in the SAM of 1, resulting in an increased water 
contact angle.37 
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Table 6.1.  RAIRS Absorption Bands of SAMs of 1 and 2, with (C12)2DTPA and 
C10C16DTPA SAMs for comparison. 
 Adsorbate 
(C12)2DTPA 1 2 C10C16DTPA 
as(CH2) (cm-1) 2921 2920 2926 2925 
s(CH2) (cm-1) 2852 2850 2854 2854 
(H2O) (°) 103.0 ± 1.0 64.8 ± 3.4 77.0 ± 2.2 104.5 ± 1.7 
(HD) (°) 33.2 ± 2.3 < 15 < 15 < 15 
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Figure 6.1.  RAIR spectra (2990–2820 cm-1) of (HO(CH2)11)2DTPA SAM (red) and 
(HO(CH2)11)(C16)DTPA SAM (blue).  The dashed vertical lines indicate the peak 
positions of the asymmetric (2918 cm-1) and symmetric (2850 cm-1) methylene stretching 
modes of a crystalline C16SH SAM for comparison. 
 
The peak positions of the methylene C–H stretches indicate that the alkyl chains of 
the SAM of 2 are liquid-like, similar to those of a C10C16DTPA SAM.26  The short 
undecanol chains act as spacers between the hexadecyl chains, forming an alkyl region 
close to the substrate above which lies a region of disordered hexadecyl chains.  The peak 
intensities of the SAM of 2 are lower than those of the SAM of 1, despite having more 
methylene groups than 1 (Figure 6.1).  Lower intensities in RAIR spectra indicate that the 
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packing density of the SAM of 2 is lower than that of 1.  Although lower intensities are 
also consistent with more upright alkyl chains according to the surface selection rule, this 
scenario is highly unlikely because the short chain spacer of 2 prevents the van der Waals 
interactions necessary to stabilize the hexadecyl chains in a trans-extended, upright 
orientation.  It is interesting that the SAM of 2 has a lower packing density than the SAM 
of 1, considering that the undecanol chain should be sufficiently long to establish enough 
van der Waals interactions to stabilize the alkyl region close to the gold surface.  
Stabilization of this region was observed for the decyl spacer group of C10C16DTPA 
SAM.26  With SAMs of 2, however, there are fewer van der Waals interactions between 
the chains, leading to a disorganized SAM with a low packing density.  This type of SAM 
is structurally closer to a C6C16DTPA SAM, in which the hexyl group is too short to 
stabilize the alkyl region close to the gold surface.26  The water contact angle of the SAM 
of 2 is significantly lower than that of C10C16DTPA,26 indicating that the hexadecyl 
chains do not screen the OH groups from the H2O drop.  Its water contact angle is not as 
low as that of (C11OH)2DTPA SAM, however, indicating that the hexadecyl chain likely 
partially screens the OH group, mitigating the wettability.  As expected, hexadecane 
drops wet the SAM of 2 since they interact with exposed methylene groups of the 
hexadecyl chains as well as the partially exposed OH groups. 
 
6.3.4. Electrochemical Barrier Properties 
 
Electrochemical impedance spectroscopy (EIS) is a sensitive method to probe 
differences in the organization of alkyl chains of SAMs.  The resistance of the SAM to 
the diffusion of a redox probe to the underlying metal surface depends on the packing 
density of alkyl chains and the presence of defects in the SAMs.38-40  We obtain the 
complex impedance of the SAM by applying a sinusoidal ac perturbation at a frequency 
range of 50 mHz to 200 kHz and measure the current response.  Fitting an appropriate 
circuit model to the impedance data yields values for the resistance (RSAM) and the 
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capacitance (CSAM) of the SAM.  CSAM is inversely proportional to the SAM thickness 
(dSAM) using the equation 
SAM
0
SAM C
d 
, 
where dSAM is the SAM thickness in Angstroms (Å), CSAM is the SAM capacitance per 
area in F m-2,  is the SAM dielectric constant (measured to be 2.1 for C16SH and C18SH 
SAMs on gold using surface plasmon resonance41) and 0 is the permittivity of free space 
(8.854×10-12 F m-1).  We collected impedance spectra of SAMs of 1 and 2 using an 
aqueous K4Fe(CN)6/K3Fe(CN)6 solution as the redox probe.  Figure 6.2a shows the 
impedance spectra in the form of Bode magnitude plots.  In the low frequency region of 
the Bode plots, the impedance modulus corresponds to the resistance the SAM provides 
to electron transfer.  The Bode plots reveal that the resistance of the SAM of 2 is lower 
than that of 1.  The Nyquist plot (Figure 6.2b) of the SAM of 2 shows a Warburg line at 
low frequencies, indicating that defects are present in the SAM of 2 that permit the 
diffusion of the redox probe ion through the SAM to the gold.  In comparison, a Warburg 
line was also observed for the C6C16DTPA SAM, consistent with low molecular packing 
densities of the two SAMs.26  Thus, we fit the electrochemical data of the SAM of 2 with 
a circuit model consisting of a solution resistance (RSolution) in series with a parallel 
coating capacitance (CSAM) and Faradaic impedance, which is composed of the charge 
transfer resistance (RSAM) in series with a Warburg element (Figure 6.2d).  The Warburg 
line is absent in the Nyquist plot of the SAM of 1 (Figure 6.2b), which is also true for the 
analogous (C12)2DTPA SAM.37  Thus, we fit the electrochemical data of the SAM of 1 
with the circuit model that lacks the Warburg element (Figure 6.2c).  The necessity of 
using the Warburg element for the SAM of 2 to fit the impedance measurements as 
opposed to the SAM of 1 is consistent with the RAIRS intensities that indicate a lower 
packing density of the SAM of 2. 
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Figure 6.2.  (a) EIS Bode plots and (b) Nyquist plots of (HO(CH2)11)2DTPA (red) and 
(HO(CH2)11)(C16)DTPA (blue) SAMs.  Randles equivalent circuit used for fitting the 
electrochemical data of (c) (HO(CH2)11)(C16)DTPA SAM and (d) (HO(CH2)11)2DTPA 
SAM. 
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Table 6.2 shows the resistances and thicknesses of the SAMs of 1 and 2 obtained 
from circuit modeling.  The resistance and thickness of the SAM of 1 are within error to 
those of a (C12)2DTPA SAM (1.06 ± 0.37 × 105  cm2 and 7.81 ± 0.58 Å, respectively),37 
indicating that the packing density of the SAM of 1 is similar to that of (C12)2DTPA 
SAM.  These results are consistent with RAIRS and contact angle data.  The resistance of 
the SAM of 2 is one order of magnitude lower than that of the SAM of 1 and their 
thicknesses are within error.  These results indicate that the hexadecyl chains in the SAM 
of 2 are disordered and lie down on the surface, and are possibly partially intercalated 
between adjacent adsorbates.  The hexadecyl chains of C6C16DTPA SAMs also 
intercalate between adjacent adsorbates, which causes this SAM to be thinner than SAMs 
of its symmetrical analogue (C6)2DTPA.26,37  Taken together, the RAIRS and EIS data 
indicate that the SAM of 2 is structurally similar to the C6C16DTPA SAM. 
 
Table 6.2.  Resistance and thickness measurements of the SAMs of 1 and 2. 
SAM Resistance ( cm2) Thickness (Å) 
1 (2.61 ± 1.42) × 105 7.31 ± 0.57 
2 (1.94 ± 1.08) × 104 7.50 ± 0.06 
 
6.3.5. Surface Heterogeneity 
 
Adsorbate 2 is designed to prevent phase segregation of the alkyl chains in the SAM, 
which occurs in mixed HO(CH2)11SH/C16SH SAMs.12  We used atomic force microscopy 
(AFM) to map the topography of these two SAMs and detect the presence of nanoscale 
islands.  We used a solution ratio (rsol = HO(CH2)11SH/C16SH) of 2 to generate a mixed 
SAM with a roughly 50:50 surface composition.25  Figure 6.3 shows the topographic 
images of a 50 nm × 50 nm area of SAMs of 2 and the mixed HO(CH2)11SH/C16SH.  The 
difference in topographic features for the mixed HO(CH2)11SH/C16SH SAM shows that 
this SAM is comprised of nanoscale islands of different heights (~11 Å).  In contrast, the 
topographical image of the SAM of 2 is nearly featureless, indicating that the undecanol 
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and hexadecyl chains in this SAM are homogeneously mixed.  These topographic 
features are similar to those of C6C16DTPA, C10C16DTPA SAMs, and C10C17(SH)2, which 
also show homogeneous mixing of the dissimilar alkyl chains, whereas those of the 
analogous mixed C6SH/C16SH, C10SH/C16SH and C10SH/C17SH SAMs show the 
formation of nanoscale islands.25,26  
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Figure 6.3.  Topographic AFM images of SAMs derived from (a) 2 and (b) a 50:50 
mixture of HO(CH2)11SH and C16SH. 
 
6.4. Conclusions 
 
We have shown that the synthetic flexibility of DTPA molecules permits that 
synthesis of new DTPA adsorbates 1 and 2.  SAMs formed from adsorbate 1 exhibit a 
similar packing density and thickness compared to analogous (C12)2DTPA SAM.  The 
undecanol chains of 1 are crystalline and ordered, and the SAM surface is hydrophilic 
due to the OH tail groups.  The unsymmetrical DTPA 2 forms SAMs with loosely-
packed, disorganized alkyl groups.  The molecular packing density of these SAMs is low, 
the SAMs are thin, and the hexadecyl chains lie near the surface.  Nonetheless, AFM 
studies demonstrate that these SAMs consist of homogeneously mixed hexadecyl and 
undecanol groups, in contrast to the evident phase separation exhibited by SAMs formed 
from mixtures of the analogous thiols HO(CH2)11SH and C16SH.  Taken together, these 
new adsorbates show that DTPA adsorbates are a useful way to control surface 
properties. 
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6.6. Supporting Information 
 
Nuclear magnetic resonance (NMR) spectroscopic data were obtained and recorded 
on a Bruker Avance 300 MHz or a Bruker Avance 300 MHz Ultrashield at room 
temperature, and shifts are reported in parts per million (ppm).  31P NMR spectra were 
referenced externally to 85% H3PO4 (δ = 0 ppm).  1H NMR spectra were referenced to 
residual proton peaks of CDCl3 (δ = 7.27 ppm).  13C NMR spectra were referenced to 
carbon peaks of CDCl3 (δ = 77.0 ppm). Residual peaks are labeled in the spectra as such: 
(a) silicone grease, (b) hexanes, (c) diethyl ether, (d) ethanol and (e) ethyl acetate. 
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Figure S6.1.  31P, 1H and 13C NMR of (C11OTHP)2P(S)SH (1) and 
(C11OTHP)(C16)P(S)SH (2). 
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7.1. Conclusions 
 
This project started with the idea of using bidentate phosphorus-containing 
compounds (R2P(S)SH) as adsorbates in the formation of self-assembled monolayers 
(SAMs).  At that time, the coordination patterns of R2P(S)SH in metal complexes had 
been thoroughly studied, but the number of studies on their self-assembly on metallic 
surfaces was limited.  Dialkylthiophosphinic acids (DTPAs) would fill this role in the 
SAM formation.  Their synthetic flexibility allows for changes in the pendant groups to 
build a knowledge base on the nature of binding and the interfacial properties of the 
SAMs formed. 
The objectives of the study described in Chapter 2 were to synthesize DTPAs with 
symmetrical alkyl chains ranging from hexyl to hexadecyl, to form SAMs on as-
deposited (As-Dep) gold surfaces, and to characterize these SAMs.  The DTPA 
molecules bind in a mixture of monodentate and bidentate binding modes.  Unlike the 
bidentate molecules, the monodentate molecules can rotate about the Au–S bond and 
allow flexibility of the Au–S–P bond angle to achieve crystalline and well-packed 
DTPAs with long alkyl chains similar to long chain n-alkanethiol SAMs.  The trend in 
packing densities and alkyl group organization of DTPA SAMs is similar to that of the 
analogous n-alkanethiol SAMs, but the former SAMs exhibit lower molecular packing 
than the latter SAMs presumably due to the sterically bulkier chelating headgroups. 
To understand why the chelation of DTPA molecules is disrupted on As-Dep gold but 
not for other chelating adsorbates, Chapter 3 compares the SAM of dihexadecyl DTPA 
(C16)2DTPA with that of structurally similar dihexadecyl dithiophosphate (C16)2DDP.  
The two molecules have no significant differences in their geometric and electronic 
properties of the headgroups, which lead to the conclusion that the flexibility of the 
pendant groups affects the chelation of the DTPA molecules.  The greater flexibility of 
the pendant groups of the DDP molecules to chelate in the constrained spaces of grain 
boundaries on gold, whereas the DTPA molecules cannot adopt a conformation to allow 
for chelation at these sites. 
In Chapter 4, unsymmetrical pendant chains were introduced in the DTPA molecules, 
which also show mixed bidentate and monodentate binding on As-Dep gold upon the 
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SAM formation.  The structure of the SAMs depends on the length of the short alkyl 
chain spacer.  Short spacers cannot establish enough van der Waals interactions to 
organize the SAM, leading to long chains that lie down to fill the gaps between adjacent 
adsorbates.  In contrast, long spacers are sufficient to enable a SAM structure composed 
of a packed alkyl layer in a zone close to the substrate and a disorganized layer above this 
zone.  Regardless of the alkyl chain packing, these SAMs exhibit homogeneous mixing 
of the long and short alkyl chains within the SAM, thus showing that attaching two 
different alkyl chains to a single headgroup effectively prevents phase segregation. 
The objective of the study described in Chapter 5 was to incorporate a phenyl group 
into the DTPA structure.  We synthesized unsymmetrical DTPAs with one phenyl and 
one alkyl group (PhRDTPA) and formed SAMs on As-Dep and TS gold surfaces with 
these adsorbates to determine the feasibility of using these SAMs for molecular junction 
studies.  These adsorbates are designed to either bury or expose the phenyl group to the 
top electrode, and therefore should exhibit different transport properties.  PhRDTPA 
SAMs exhibit mixed monodentate and bidentate molecules on As-Dep gold and 
exclusive bidentate molecules on TS gold.  The phenyl group spaces out the chains, 
preventing them from having trans-extended conformations.  The packing densities of the 
alkyl chains are lower, and they lie close to the substrate, for the PhRDTPA SAMs on TS 
gold than those on As-Dep gold, which leads to the conclusion that the SAMs on TS gold 
are suitable for molecular junction studies.  Their low packing densities show that the 
phenyl moieties are exposed to the surface, allowing contact with the top electrode and 
the alkyl chains fill in the voids between the adsorbates, and may therefore prevent 
electrical shorting. 
Lastly, the objective of the study described in Chapter 6 was to synthesize DTPAs 
bearing OH moieties either on one pendant group (HO(CH2)11)(C16)DTPA or both 
(HO(CH2)11)2DTPA, and form SAMs with these adsorbates as a method to change the 
wettability of the surface.  (HO(CH2)11)(C16)DTPA is designed to form a SAM with 
homogeneous mixing of the undecanol and hexadecane chains.  Indeed, the presence of 
the OH groups forms hydrophilic surfaces.  (HO(CH2)11)2DTPA SAM has a packing 
density similar to the analogous dialkyl DTPA SAM, while (HO(CH2)11)(C16)DTPA 
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DTPA SAM has low molecular packing with the hexadecyl chain lying on the surface 
and fills in the voids between the adsorbates. 
Overall, the ability of the DTPA molecules to chelate on TS gold produces SAMs 
with different electronic coupling from those of RSH SAMs to gold.  The resonance 
structures brought about by the two sulfur atoms provide electron delocalization on the 
headgroup, which may be better for junction measurements than the junctions of RSH 
SAMs.  The synthetic flexibility of the DTPA molecules lead to DTPA structures with 
dissimilar chains, not only with alkyl chains with different chain lengths but also with 
different tail groups, which have an advantage over spiroalkenedithiols.  The two pendant 
groups per phosphorus atom leads to SAM structures that feature homogeneous mixing of 
the pendant groups if the two chains are dissimilar, and different alkyl chain packing 
densities if the pendant groups are equal.  The interfacial properties of this new class of 
SAMs add to the repertoire of SAM studies, which can lead to new applications of 
SAMs. 
 
7.2. Outlook 
 
Since the beginning of this project, many fundamental aspects of DTPA SAMs have 
been established.  Some of the future projects involve the formation of nanoparticles, the 
formation of molecular junctions and the incorporation of other interesting pendant 
groups to control the tribological properties of the SAMs, which are described briefly 
below. 
 
7.2.1. Formation of Gold Nanoparticles 
 
In a collaborative work with Eichhorn et al., gold nanoparticle (AuNP) protected by 
(C16)2DDP and (C16)2DTPA have been synthesized in a parallel study to that conducted in 
Chapter 3.  The synthetic route involves the formation of precursor AuNPs functionalized 
with dodecylamine, followed by ligand exchange with the phosphorus-containing 
ligands.  XPS study confirms an all bidentate binding for AuNPs-(C16)2DDP, while 
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mixed modentate/bidentate binding modes are detected for AuNPs-(C16)2DTPA.  
Analysis with differential scanning calorimetry (DSC) shows that the aliphatic chains of 
both ligands are crystalline as compared to RSH-protected AuNPs. AuNPs-(C16)2DDP 
are thermally and chemically more stable towards aggregation and decomposition as 
compared to the AuNPs-(C16)2DTPA and hexadecanethiol protected AuNPs (AuNPs-
C16SH), which is due to the chelation of the headgroups.  This work is completed with 
manuscript in preparation.1,2 
 
7.2.2. Formation of Molecular Junctions 
 
In a concurrent study, Ph2DTPA SAM on template-stripped (TS) gold is being tested 
in the non-toxic, non-Newtonian liquid gallium-indium eutectic (EGaIn).3 junctions, 
which give high device yields and stable current–voltage characteristics.  The PhRDTPA 
in Chapter 5 will be tested to investigate the junctions when one of the phenyl group is 
substituted for an alkyl chain.  The resulting current-voltage measurements of phenyl-
containing DTPAs will be compared overall to those of similarly structured junctions in 
literature.3,4-7 
 
7.2.3. Synthesis of DTPAs with Other Pendant Groups 
 
There are a number of other pendant groups that can be introduced in the DTPA 
molecules to produce SAMs with different tribological properties.  One of the most 
promising substituents that could be incorporated is a fluoroalkyl chain.  SAMs of 
fluoroalkyl chains have been shown to be more hydrophobic than those of n-
alkanethiols8-10 and thus higher contact angles are expected for these SAMs, particularly 
for the SAM with symmetrical fluoroalkyl chains.  The unsymmetrical DTPA SAM 
bearing a fluoroalkyl chain on one branch with the other with a non-fluorinated alkyl 
substituent is expected to exhibit uniform mixing of the dissimilar chains, paralleling the 
study done by Lee et al.11 
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Other interesting pendant groups to investigate include branched alkyl chains to gain 
additional control of the packing densities, biphenyl or p-terphenyl groups to increase the 
stability of DTPA SAM structures and provide low-barrier pathways for charge transport, 
ferrocenyl groups for molecular rectification and azide or alkyne groups for click-
activated surfaces. 
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